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ABSTRACT
Tungsten oxide (WO3) is a multifunctional material which has applications in electronics,
sensors, optoelectronics, and energy-related technologies. Recently, electronic structure modification of WO3 to design novel photocatalysts has garnered significant attention. However, a fundamental understanding of nitrogen-induced changes in the structure, morphology, surface/interface chemistry, and electronic properties of WO3 is a prerequisite to producing materials with the desired functionality and performance. Also, understanding the effect of thermodynamic and processing variables is highly desirable in order to derive the structure-property relationships in the W-O/W-O-N material system. The present work was, therefore, focused on studying the effects of processing parameters on the microstructure, optical properties, electrical
conductivity, and electronic structures of pure and nitrogen-doped (N-doped) WO3 films grown
by sputter deposition. Efforts were made to understand the properties and phenomena of pure
and N-doped WO3 at reduced dimensionality (i.e., nanoscale dimensions).
The results and analyses indicate that the growth temperature (Ts) has a significant effect
on the microstructure of WO3 films. The grain size increases from 9 to 50 nm coupled with a
phase transformation in the following sequence: amorphous (a) to monoclinic (m) to tetragonal
(t) with increasing Ts (25–500oC). The nanocrystalline t-WO3 films exhibit a strong (001) texturing. The band gap narrowing from 3.25 to 2.92 eV with grain size occurs due to quantum confinement effects. Correlated with the structure and optical properties, electrical conductivity also
increases.
Physical properties such as thickness, grain size, and density are also sensitive to oxygen/nitrogen partial pressure during W-O/W-O-N sample fabrications. A direct relationship between film density and band gap is evident in nanocrystalline t-WO3 films grown at various oxyvii

gen pressures. It is observed that nitrogen doping significantly influences the structure-property
relationships. Crystallographic analysis revealed that excess nitrogen trapped in the WO3 crystal
lattice induces a t–m phase transformation. The unique approach adopted in this work indicates a
structure-dependent optical band gap variation leading to the lowest optical band gap (~2.14 eV)
at 0.7 at.% of N incorporation into t-WO3 films. The results clearly provide evidence to tune the
electronic structure and properties with controlled N doping coupled with specific phase stabilization of WO3. The results provide a road map to phase-controlled synthesis of pure and Ndoped nanocrystalline WO3 films with desired properties.

viii

TABLE OF CONTENTS
ACKNOWLEDGMENTS .......................................................................................v
ABSTRACT .......................................................................................................... vii
TABLE OF CONTENTS ....................................................................................... ix
LIST OF TABLES ............................................................................................... xiv
LIST OF FIGURES ...............................................................................................xv
CHAPTER 1: INTRODUCTION ............................................................................1
1.1 Tungsten oxide (WO3) ..............................................................................5
1.1.1 Crystal structure .....................................................................................5
1.1.2 Electronic structure ................................................................................7
1.1.3 Charge transport mechanism................................................................10
1.2 Technical background .............................................................................11
1.2.1 Photocatalytic water splitting ......................................................12
1.2.2. Requirements of photoelectrodes for water splitting .................13
1.2.3 Titanium oxide (TiO2) as a photoelectrode ..........................................14
Doped TiO2 .................................................................................15
1.2.4 Tungsten oxide (WO3) as a photocatalyst ............................................16
1.2.5 Nitrogen doping of WO3 ......................................................................16
ix

Nitrogen doping of WO3: A computational perspective .............17
Survey of experimental work on N doping of WO3 ...................23
1.3 Scope and research objectives ................................................................28
CHAPTER 2: EXPERIMENTAL METHODS .....................................................31
2.1 Experimental techniques .........................................................................31
An overview of the experimental methods employed for sample fabrication and
characterization are presented below. .........................................31
2.1.1 Thin film deposition ....................................................................31
Pure WO3 films ...........................................................................31
Nitrogen-doped WO3 films .........................................................33
2.1.2 Characterization techniques ........................................................33
X-ray diffraction .........................................................................33
Grazing incidence X-ray diffraction (GIXRD) ...........................35
X-ray reflectometry (XRR) .........................................................36
X-ray photoemission spectroscopy (XPS) ..................................38
Spectrophotometry (optical properties) ......................................43
2.2 Fabrication and characterization of WO3 thin films ...............................45
2.2.1 Variation of substrate temperature ..............................................45
Deposition ...................................................................................45

x

Characterization ..........................................................................46
2.2.2 Fabrication and characterization of WO3 thin films grown under variable
oxygen flow rates ........................................................................47
Fabrication ..................................................................................47
Characterization ..........................................................................48
2.2.3 Fabrication and characterization of nitrogen-doped WO3 thin films

51

Fabrication ..................................................................................51
Characterization ..........................................................................52
CHAPTER 3: EFFECT OF GROWTH TEMPERATURE ON STRUCTURAL, OPTICAL,
AND ELECTRICAL PROPERTIES OF WO3 THIN FILMS .....................54
3.1 Crystal structure ......................................................................................54
3.2 Optical properties ....................................................................................56
3.3 Electrical conductivity ............................................................................59
CHAPTER 4: EFFECT OF OXYGEN GAS FLOW RATE ON THE PHYSICAL
PROPERTIES

AND

SURFACE/INTERFACE

STRUCTURE

OF

CRYSTALLINE WO3 FILMS .....................................................................68
4.1 Growth rate and film thickness ...............................................................68
4.2 Film density and surface/interface structure ...........................................70
4.3 Crystal structure ......................................................................................73

xi

NANO-

CHAPTER 5: CORRELATION BETWEEN SURFACE CHEMISTRY, DENSITY, AND
BAND GAP IN NANOCRYSTALLINE WO3 FILMS GROWN UNDER VARIABLE
OXYGEN GAS FLOW RATES ...................................................................77
5.1 Surface chemistry: XPS ..........................................................................77
5.2 Film density and surface/interface structure: XRR, SEM, and AFM .....80
5.3 Band gap: Spectrophotometry.................................................................84
5.4 Correlation of surface chemistry, density, and band gap ........................87
CHAPTER 6: NITROGEN-INDUCED CHANGES IN THE CRYSTAL STRUCTURE,
SURFACE CHEMISTRY, AND ELECTRONIC STRUCTURE OF WO3 THIN
FILMS ...........................................................................................................92
6.1 Film density and surface interface structure ...........................................92
6.2 Growth rate and film thickness ...............................................................94
6.3 Rutherford backscattering spectroscopy .................................................95
6.4 Crystal structure ......................................................................................97
6.5 Chemical composition and valence state ..............................................100
6.6 Band gap: Spectrophotometry...............................................................107
Chapter 7: Conclusions and Future work.............................................................112
7.1 Future work ...........................................................................................115

xii

LIST OF PUBLICATIONS .................................................................................117
REFERENCES ....................................................................................................118
CURRICULUM VITAE ......................................................................................131

xiii

LIST OF TABLES
Table 2.1: Deposition parameters of sampled grown under variable substrate temperature .................... 46
Table 2.2: Deposition parameters of samples grown under variable oxygen flow rates .......................... 48
Table 2.3: Deposition parameters of N doped WO3 thin films ................................................................. 52
Table 3.1: Activation energy values, A and B parameter values, and the density of localized states
at the Fermi Level values of WO3 thin films ............................................................................................ 64

xiv

LIST OF FIGURES
Figure 1.1: Schematic diagram indicating the potential applications of WO3 in various fields ................. 2
Figure 1.2: (a) Donor energy level (ED) in the band gap of WO3, (b) acceptor energy levels in the
band gap of WO3 ......................................................................................................................................... 4
Figure 1.3: WO3 unit cell and WO3 octahedron ......................................................................................... 6
Figure 1.4: Tilt patterns and stability temperature regimes of different polymorphs of WO3 [21] ............ 7
Figure 1.5: Electron energy Vs k-vector. The boundary conditions imposed on k-vector by
Brillouin’s zone create forbidden and allowed energy states for electron [49]. ......................................... 9
Figure 1.6: The band structure and associated crystal structure of monoclinic WO3 [50] ....................... 10
Figure 1.7: Schematic illustrating electron polaron hopping through metal oxide lattice [26] ................ 11
Figure 1.8: Honda-Fujishima photocatalytic water splitting using a TiO2 photoelectrode [52] .............. 13
Figure 1.9: Band gaps of semiconductors and redox potentials of water splitting [52] ........................... 14
Figure 1.10: RT monoclinic structure of WO3 unit cells; W and O atoms are represented by blue
and red balls, respectively [24]. ................................................................................................................ 17
Figure 1.11: (a) Band structure plot shown along high symmetry points, (b) DOS plot [24] .................. 18
Figure 1.12: Band structure and density of states (DOS) calculated by the B3YLP hybrid
functional for various structures of WO3; (a) RT monoclinic, (b) simple cubic, (c) tetragonal, (d)
LT monoclinic, (e) triclinic, and (f) orthorhombic [50]............................................................................ 20
Figure 1.13: Band structure and DOS of (a) Mo-doped WO3 and (b) Cr-doped WO3 [93] ..................... 21
Figure 1.14: (a) Band structure and (b) DOS of substitutional S-doped WO3 [93] .................................. 22
Figure 1.15: Tauc plots for nitrogen-doped WO3. The data is plotted according to the model for
an indirect band gap [33]. ......................................................................................................................... 25
Figure 1.16: Current versus potential scans measured under AM 1.5G simulated solar spectrum
in 0.33 M H3PO4 [33] .............................................................................................................................. 26
Figure 1.17: Arrhenius plots of the nitrogen-incorporated tungsten oxide films as a function of
the nitrogen ambient pressure [27] ........................................................................................................... 27
Figure 1.18: Band gap versus nitrogen concentration [27] ....................................................................... 28
Figure 2.1: Schematic of a magnetron cathode [95] ................................................................................. 32
Figure 2.2: Magnetron sputtering chamber schematic .............................................................................. 32
xv

Figure 2.3: X-ray scattering along the atomic planes of material described by Bragg’s law ................... 34
Figure 2.4: Geometry of GIXRD measurement apparatus ....................................................................... 35
Figure 2.5: Apparatus to measure X-ray reflectometry [96]..................................................................... 37
Figure 2.6: Electron transitions in the X-ray photoemission process ....................................................... 39
Figure 2.7: Electron transitions in energy-dispersive X-ray analysis ....................................................... 40
Figure 2.8: Kratos Axis Ultra XPS instrument with hemispherical analyzer [97] ................................... 42
Figure 2.9: Cary 5000 UV-Vis-NIR spectrophotometer........................................................................... 44
Figure 3.1: XRD patterns of WO3 films grown at various temperatures. Structural evolution and
phase transition as a function of TS are noted. WO3 films grown at TS = RT are amorphous and
exhibit a phase transition to monoclinic (m-WO3) at TS = 100oC and to tetragonal at higher
temperatures. ............................................................................................................................................. 55
Figure 3.2: (a) Optical transmittance of WO3 films (left), (b) (αhν)1/2 versus hν plots for WO3
films (right) ............................................................................................................................................... 57
Figure 3.3: Ts-Eg relationship in WO3 films. A direct inverse relationship is evident. A line is
provided not only to guide the eye but also to indicate the linear fit. ....................................................... 58
Figure 3.4: Room temperature conductivity values for WO3 films grown at different substrate
temperatures .............................................................................................................................................. 61
Figure 3.5: Temperature dependent DC conductivity of WO3 films ........................................................ 62
Figure 3.6: Relation between ln σT and 1000/T for WO3 thin films......................................................... 63
Figure 3.7: Relation between (ln(σT1/2) and T-1/4 for WO3 thin films ....................................................... 67
Figure 4.1: The variation of the deposition rate of WO3 films with the oxygen gas flow rate. The
experimental data are shown with solid squares, while the solid line represents a fit to an
exponential decay function. A decrease in deposition rate with increasing Γ is evident. ........................ 69
Figure 4.2: The XRR patterns of nc-WO3 films as a function of oxygen gas flow rates.
Experimental and simulation curves are shown........................................................................................ 70
Figure 4.3: The stack model used to simulate the XRR spectra. The model contains WO3 film,
SiO2 interface, and Si substrate as indicated. ............................................................................................ 71
Figure 4.4: Normalized density variation of WO3 films with oxygen gas flow rate ................................ 72
Figure 4.5: TEM micrograph of WO3 films grown at Γ = 0.9. The film, interface, and substrate
regions are as indicated. ............................................................................................................................ 73
Figure 4.6: XRD patterns of WO3 films as a function of oxygen gas flow rates...................................... 74
xvi

Figure 4.7: Grain size dependence of WO3 films on oxygen gas flow rate .............................................. 76
Figure 5.1: XPS survey spectra of WO3 films. The survey spectrum (a) obtained before Ar+ ion
sputtering and (b) obtained after sputtering are shown. The X-ray photoemission and Auger
peaks and their respective binding energy positions are as indicated. It is evident that the C 1s
peak disappears after Ar+ ion sputtering, indicating the adsorbed carbon on the samples’ surface. ....... 78
Figure 5.2: The core level XPS spectra of (a) W 4f and (b) O 1s. ............................................................ 79
Figure 5.3: The XRR experimental simulation curves of nanocrystalline WO3 films. (a) The
fitting procedure and the stack model employed are shown for films grown at  = 0.5. (b) The
XRR curves and fitting are shown for a series of WO3 films grown at variable oxygen
concentration values.................................................................................................................................. 81
Figure 5.4: Variation of WO3 film thickness with oxygen concentration in the sputtering gas
mixture. A continuous decrease in film thickness with increasing oxygen concentration was
noted. The insert shows the variation of interfacial SiO2 thickness with  values. .................................. 82
Figure 5.5: The high-resolution SEM images of WO3 films as a function of oxygen concentration
in the sputtering gas mixture ..................................................................................................................... 83
Figure 5.6: WO3 film surface roughness determined from XRR.............................................................. 84
Figure 5.7: Spectral transmittance characteristics of WO3 films as a function of oxygen
concentration in the sputtering gas mixture. The insert shows the shift noted in the curves, as
pointed to by the arrow, with increasing oxygen concentration. .............................................................. 85
Figure 5.8: (αhν)1/2 versus hν plots for WO3 films grown at various oxygen concentration values.
Extrapolating the linear region of the plot to hν = 0 provides the band gap value as indicated by
the arrow. .................................................................................................................................................. 86
Figure 5.9: A comparison of the trend of (a) density variation and (b) band gap variation with
oxygen concentration in a sputtering gas mixture in nanocrystalline WO3 films. A direct
correlation between density and band gap in addition to a similar trend was noted. The density
and band gap variation with oxygen concentration in the sputtering gas mixture follows an
exponential growth function as indicted by the lines................................................................................ 89
Figure 6.1: XRR patterns of WO3:N films as a function of nitrogen gas flow rates. Experimental
and simulated curves are shown. .............................................................................................................. 93
Figure 6.2: Stack model of N-doped WO3 employed for fitting XRR data .............................................. 94
Figure 6.3: The variation of the deposition rate of WO3:N films with nitrogen flow rates ...................... 95
xvii

Figure 6.4: RBS spectra of WO3:N films grown under a 20-sccm N2 flow rate. The symbols
represent the experimental curve, and the solid line represents the simulation curve. ............................. 96
Figure 6.5: Tetragonal phase of WO3:N thin films ................................................................................... 98
Figure 6.6: Monoclinic phase of WO3:N thin films .................................................................................. 99
Figure 6.7: Normalized intensity plot of dominant peak. The picture in the insert shows a clear
phase transformation (tetragonal to monoclinic). ..................................................................................... 99
Figure 6.8: (a) “As is” C 1s core-level spectra of as a function of nitrogen flow, (b) C 1s corelevel spectra after 4-nm sputtering .......................................................................................................... 103
Figure 6.9: (a) “As is” N 1s core-level spectra as a function of nitrogen flow, (b) N 1s core-level
spectra after 4-nm sputtering .................................................................................................................. 104
Figure 6.10: (a) “As is” W 4f core-level spectra of as a function of nitrogen flow, (b) W 4f corelevel spectra after 4-nm sputtering .......................................................................................................... 105
Figure 6.11: (a) “As is” O 1s core-level spectra of as a function of nitrogen flow, (b) O 1s corelevel spectra after 4-nm sputtering .......................................................................................................... 106
Figure 6.12: Variation of nitrogen concentration with nitrogen flow in the gas mixture ....................... 107
Figure 6.13: Optical transmission spectra of WO3:N films as a function of nitrogen flow into the
gas mixture .............................................................................................................................................. 108
Figure 6.14: (αhν)1/2 versus hν plots for WO3 films grown at various oxygen concentration
values. Extrapolating the linear region of the plot to hν = 0 provides the band gap value as
indicated with an arrow. .......................................................................................................................... 110
Figure 6.15: Variation of band gap with nitrogen flow rate. The nitrogen doping effect is
significant in the tetragonal phase with the lowest band gap (2.14eV) attained at a 5-sccm
nitrogen flow rate. ................................................................................................................................... 111

xviii

CHAPTER 1: INTRODUCTION
Transition metal oxides (TMOs) constitute an interesting class of materials with extraordinarily varying physical and chemical properties. TMOs exhibit diverse crystal structures, properties, and phenomena which are quite useful for many scientific and technological applications
[1, 2]. From an electronic properties point of view, TMOs span a wide range which covers metallic, semiconducting, insulating, and superconducting behavior [1]. Furthermore, an enormous
range of electronic properties is possible with the combination of these oxide materials. The versatile properties of transition metal oxides can be attributed to coulombic self-interaction of d-d
orbitals of the metal atoms along with the interaction of O 2p orbitals in the solid matrix [3, 4].
The metal ions also exhibit multiple valence states, making a rich set of oxides and other compounds with varied chemical and physical properties. Additionally, the adoptive nature of some
TMOs allow the possibility of incorporating nonmetallic or metallic atoms in controlled quantities, which can alter the properties and performance of the materials. This opens the possibility
of engineering a new class of functional materials with tunable physical, chemical, and electronic
properties to meet the requirements of a given application.
Tungsten oxide (WO3), one among the many multifunctional TMOs, exhibits unique
structure and properties which can be exploited by a wide range of technological applications in
chemical and mechanical sensors, selective catalysis, the electrochemical industry, and environmental engineering [5–12] (Fig. 1.1). The importance of WO3 and/or W oxide–based materials is
schematically presented below. Tungsten oxide is a semiconducting oxide with a band gap of
2.6–3.2 eV [13–20]. WO3 exhibits various crystal phases such as monoclinic, orthorhombic, tetragonal, and cubic [21], which are discussed later [21]. It is an intensely studied representative
1

of a group of “chromogenic” materials because of the coloration effects associated with various
processes [21, 22]. Also, WO3 nanostructures exhibit excellent sensing functionality to highly
corrosive and toxic gases such as H2S, NOx, and trimethylamine; and they can be easily integrated into monolithic sensor devices [8, 9]. Furthermore, WO3 exhibits remarkable stability in acidic environments, making it a suitable candidate for environmental photocatalysis [21, 23].
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Figure 1.1: Schematic diagram indicating the potential applications of WO3 in various fields
Recent density functional theory (DFT) computations by Huda et al. reported that the addition of nitrogen can reduce the band gap of WO3 [24, 25]. The lower band gap facilitates the
absorption of a large fraction of the visible light spectrum of solar radiation. The ability of WO3
visible light photoactivity coupled with stability against corrosive environments opens new possibilities of WO3 as a new material for photoelectrochemical applications such as photocatalytic
water splitting and the degradation of pollutants in the environment. The computational work
also predicts and provides a source of unexpected magnetism in N-doped WO3. Realizing such
2

materials can lead to new avenues for utilizing quantum properties to benefit the field of electronics and magnetoelectronics.
Nitrogen doping into a tungsten oxide host lattice requires some fundamental knowledge,
from a broader perspective, about how the doping agent changes the electronic structure of a
wide band gap semiconductor. Inclusion or substitution of a foreign atom into the crystal lattice
of a host material in such a way that new electronic states or optical transitions that are not native
to the given material are introduced is called doping. There are two types of doping: n-type and
p-type. N-type doping is the addition of an electron donor atom into the lattice, which creates
excess charge carriers. The donors form energy trap levels near the conduction band minima
(Fig. 1.2(a)). Similarly, p-type doping is the addition of an electron acceptor, which creates excess holes in the valence band. The acceptor forms trap levels below the conduction band minima (Fig. 1.2(b)). These trap levels reduce the effective band gap of the semiconductor. The
changes in the electronic structure due to the doping, specifically the alteration of the band gap,
significantly alters physical properties such as the electrical conductivity and optical properties.
This phenomenon is, therefore, widely adopted in science, engineering, and technology to design
a totally new material system with tunable optical and electrical properties.
In the photochemical arena, doping has been vigorously explored as a way of shifting the
band gap of important photocatalysts such as TiO2 [2]. It has been proven that anions such as nitrogen (N), when doped substitutionally into transition metal oxides (for example, TiO2), will
have some of their p-states

3

Figure 1.2: (a) Donor energy level (ED) in the band gap of WO3, (b) acceptor energy levels in the
band gap of WO3

pushed out of the valence band (VB), thus creating energy states inside the energy band gap.
This lowers the effective band gap [26].
The anion or cation doping efforts were extended to explore the suitability of other materials, such as WO3, for photocatalysis. WO3 has a band gap (~2.6 eV) which is lower than that of
TiO2. Huda et al. have performed extensive computational work on the band gap modification of
WO3 with dopants (both substitutional and interstitial types) [24]. They reported that substitutional N doping shifts the conduction band (CB) minima upward by 0.09 eV and valence band
(VB) maxima by 0.51 eV, thus resulting in an effective band gap decrease.
Nitride formation or the surface treatment of W metal is quite common in metallurgy and
materials engineering. Extensive earlier efforts have significantly contributed to the understanding of W nitrides for utilization in mechanical and chemical industries. However, compared with
nitrides or oxides, N doping into WO3 to form W oxynitrides is a relatively new direction of re4

search considered by the scientific and engineering community lately to design efficient photocatalytic and optoelectronic materials. While there are some limited reports on N doping of WO3
[27–33], a unified model or fundamental understanding of nitrogen’s effect on the crystal distortion and the associated electronic structure changes is still missing. Therefore, to validate the hypothesis of band structure changes upon N doping and its subsequent application in functional
devices, a fundamental understanding of N doping on the physical and electronic properties of
WO3 is desired. This is the impetus for undertaking this research on pure and N-doped nanocrystalline WO3 thin films. In this research, we propose to explore the electronic structure changes,
specifically the electrical and optical properties of N-doped WO3 in conjunction with chemical
and structural characterization. The outcome of this research is expected to enhance our current
understanding of the effect of N incorporation into WO3 and the associated electronic structure
changes with the purpose of tailoring nanocrystalline thin film materials for photochemical, photovoltaic, and sensor device applications. A more detailed account of the crystal structure and
electronic properties of WO3, which is needed for a better understanding of the results and analyses in this thesis, are presented in the sections below.
1.1 Tungsten oxide (WO3)
1.1.1 Crystal structure
Tungsten oxide exhibits polymorphism; phases such as monoclinic II (ε-WO3), triclinic,
monoclinic, orthorhombic, tetragonal, and cubic are possible for both stoichiometric and nonstoichiometric compounds. In basic WO3 structure, the W atoms are generally surrounded by six
oxygen atoms; forming WO6 octahedra (see Fig. 1.3). Cubic WO3 is considered the most stable
and ideal phase of all WO3 polymorphs [21]. However, cubic WO3 is the rarest and is generally
5

not realized in experimental synthesis methods unless other metal (such as Na) ions are employed for tungsten bronze (such as NaxWO3) formation. Each of these polymorph transitions of
bulk WO3 occur at different temperature regimes [21, 34–39]: monoclinic II (< −43oC)  triclinic (−43oC to 17oC)  monoclinic I (17oC to 330oC)  orthorhombic (330oC to 740oC)  tetragonal (740oC to 900oC)  cubic (> 900oC). The above-mentioned transition temperature
ranges are reported for bulk tungsten oxide. Various polymorphs associated with different temperature regimes are summarized in Figure 1.4.

O layer

WO2 layer
Z
Y

O layer
X
A

Oxygen
Tungsten

B

Figure 1.3: WO3 unit cell and WO3 octahedron
The ideal WO3 crystal structure can be represented as a cubic ReO3 structure [40, 41]. In
fact, the polymorphs of WO3 can be described as distortions from the cubic ReO3 structure [42–
47]. The characteristic feature of the structure is that the cation is surrounded by an octahedral
arrangement of oxygen atoms. Therefore, the structure is built from a three-dimensional network
of corner-sharing MO6 (M = W or Re) octahedra as shown in Figure 1.3 for WO3. The octahedral
environment of W is shown in Figure 1.3(b). The crystal structure of WO3 can be viewed as alternating planes of O and WO2 (Fig. 1.3(b)). The planes of O and WO2 can be viewed as planes
normal to the respective crystallographic direction. However, WO3 thin films prepared by a various techniques employing different processing conditions usually possess different microstruc6

tures, properties, and phenomena. Also, it is speculated that the nanostructured thin films of WO3
might show different transition temperature ranges from that of bulk WO3.

Figure 1.4: Tilt patterns and stability temperature regimes of different polymorphs of WO3 [21]
1.1.2 Electronic structure
Many of the physical and chemical properties of transition metal oxides can be explained
using the band structure of electronic states. It describes the forbidden and allowed energy states
of an electron in a given solid (Fig. 1.5).
Every element has outer shell electrons called valence electrons, which participate in
electrical conduction and bonding. For discrete atoms placed in free space, the valence electrons
will have a well-defined atomic energy level. The electrons are attracted to the nucleus with a
coulomb potential of:
7

( )

{1.1}

If two atoms are brought close together, the atomic potentials begin to overlap, and the
electrons feel the potential of both cores. This will give rise to a splitting of the degeneracy of the
atomic levels [48]. If multiple atoms are brought together, the energy levels of the atoms will be
broadened into bands.
In the case of periodic crystals, the atoms are separated by uniform distances, and the
electric potential experienced by an electron is also periodic:
(

)

( ),

{1.2}

where R is the Bravais lattice vector. According Bloch’s theorem, the wave function of the electron in the periodic potential is calculated using
(

)

( ),

where k is called the wave vector.
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{1.3}

Figure 1.5: Electron energy Vs k-vector. The boundary conditions imposed on k-vector by Brillouin’s zone create forbidden and allowed energy states for electron [49].

The available energies for the electrons depend upon k. The wave vector k is confined to
Brillouin’s zone (a primitive cell in the reciprocal space), and the boundary conditions imposed
on the wave function of the electron by Brillouin’s zone result in allowed and forbidden energy
levels for the given electron in periodic lattice (Fig. 1.5). The energy bands composed of forbidden levels is called the band gap.
It is possible to calculate the band structure of a given material by solving the Schrödinger equation with boundary conditions derived from Brillouin’s zone. However, there are other
factors such as the local order of the crystal structure (for example, orientation of the crystal),
type of morphology (single crystal or polycrystalline), crystallite size, etc., that will affect the
band structure. It is imperative to measure the band gap experimentally.
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In the case of WO3, the valence bands are mostly occupied by outer shell electrons of W
(5d, 6s), and the conduction bands are populated by 2s electrons of O and other unfilled states of
W 5d. Wang et al. computed the electronic structure of all the crystal phases of WO3 using density functional theory (DFT) calculations [50]. Figure 1.6 illustrates the band structure and associated crystal structure of monoclinic WO3. They reported a band gap of 1.89 eV for cubic WO3,
3.13 eV for monoclinic WO3, 3.17 eV for triclinic WO3, and 2.89 eV for orthorhombic WO3.
These values are very close to the experimental values ranging from 2.5 eV to 3.2 eV for various
polymorphs of WO3 [13–20].

Figure 1.6: The band structure and associated crystal structure of monoclinic WO3 [50]
1.1.3 Charge transport mechanism
Electrical conduction is macroscopically viewed as a flow of electrons through materials.
However, it is rather complicated when viewed atomistically and can be perceived as a site-tosite (atomic) hopping of an electronic charge (Fig. 1.7). The conductivity in transition metal oxides is due to both the hopping of electrons and the charge transport via excited states. In such
cases, the conductivity is given by
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∑ [
where, i = 1, 2, 3 … ,

(

)],

⁄

{1.4}

is the activation energy for intrinsic conduction, and

,

,

… are the activation energies needed for hopping conduction.

e
-

e
-

e
-

Figure 1.7: Schematic illustrating electron polaron hopping through metal oxide lattice [26]
During hopping conduction, the charge carriers (electrons or holes) hop through the lattice sites, which will warp the electrostatic potential as they progress (see Fig. 1.7). This induces
the polarization of surrounding sites where it passes through. This combination of charged particles along with the deformation of electric field in the lattice is called a polaron.
1.2 Technical background
The primary goal of this research is to explore novel photoactive materials based on pure
and doped WO3 or W-based oxynitrides. WO3 thin films and modification of their optical and
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electronic properties with nitrogen doping to improve photocatalytic performance is specifically
considered through a detailed investigation. This section is intended to present an introduction to
photocatalytic water splitting, a brief review of materials for photocatalysis, a description of
TiO2 as a photocatalyst, a description of WO3 doping and nitrogen-doped WO3, and the current
standing of the scientific community toward band engineering of WO3 using nitrogen doping.
1.2.1 Photocatalytic water splitting
Photocatalytic water splitting is a method of decomposing H2O into H2 and O2 using UV
or visible light radiation as an energy source. Fujishima and Honda first demonstrated the photocatalytic effect of TiO2 in 1972 [51]. The apparatus consisted of TiO2 as an n-type electrode and
Pt as a counterelectrode (Fig. 1.8). When light was irradiated on the TiO2, the photogenerated
electrons reduced the water to form H2 at the Pt electrode, while holes oxidized the water to form
O2 at the TiO2 photo electrode [52].
The reactions that describe water dissociation are
2H+ + 2e−  H2

{1.5}

H2O + 1.23 eV  ½O2 + H+ + 2e−
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{1.6}

Figure 1.8: Honda-Fujishima photocatalytic water splitting using a TiO2 photoelectrode [52]
1.2.2. Requirements of photoelectrodes for water splitting
There are four fundamental requirements for efficient photoelectrode material [53]:
1. Band gap: Electron-hole pairs are formed when photons are absorbed by the photoelectrode.
Many heterogeneous photocatalysts have semiconductor properties. Semiconductors have a band
structure in which the conduction band is separated from the valence band by a band gap of a
suitable width. When the energy of incident light is larger than that of a band gap, electrons and
holes are generated in the conduction and valence bands, respectively [52]. The band gap must
be at least 1.6–1.7 eV, but not over 2.2 eV [54]. Materials with a low band gap absorb a higher
fraction of the solar visible light spectrum.
2. Band offsets: the conduction band minima should be at a higher level than the reduction potential of water, and the valence band maxima should be at a lower level than the oxidation potential of the water. Figure 1.9 shows the band offsets of various materials with respect to the
reduction and oxidation potentials of water.
3. Stability: The photocatalytic material should not corrode under the influence of electrolytes in
which they operate.
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4. Carrier transport: The photogenerated carriers are generated at the surface. The charge removal from the surface of the semiconductor must be fast enough to prevent corrosion and also to
reduce energy losses.

Figure 1.9: Band gaps of semiconductors and redox potentials of water splitting [52]
1.2.3 Titanium oxide (TiO2) as a photoelectrode
Titanium oxide (TiO2) is the first material to be discovered as a photocatalyst for water
splitting in 1972 by Honda et al. [51]. Since then, TiO2 has been researched and reviewed extensively for the past four decades as the central species of photocatalytic water splitting research
[52, 53, 55–58]. Although TiO2 satisfies all the minimal requirements of water splitting photocatalyst, its large band gap severely limits efficiency. Therefore, the functionality of TiO2 is limited to the UV region of the solar spectrum.
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Doped TiO2
Doping is one method of engineering the band gap of a given material. Doping, by definition, is the addition of controlled amounts of foreign atoms into the crystal matrix so as to enhance or diminish the physical and chemical properties. The concept of doping Si with P and B
atoms led to the invention of the transistor, which revolutionized the way we live [59]. Similar
efforts can be extended to fine-tune the physical, structural, and chemical properties of a given
material with carefully chosen dopants.
Metal cations such as V, Cr, Nb, Na, Cu, Co, Fe, Mn, and Ni [26, 60–65] have altered the
electronic structure and influenced the photocatalytic performance of TiO2. Cr, V demonstrate
increased visible light photoabsorption capacity and photoactivity toward NO [61]. Fuerte et al.
showed red shifts in photoabsorption and increased photoactivity in Mo-, Cr-, Nb-, V-, and Wdoped TiO2 [66]. While the metal cations induced a photoabsorption shift into the visible regions,
this does not translate into increased photochemical activity. Also, the experimental results on
the photoactivity of metal-doped TiO2 are not consistent. For example, Salmi et al. [65] and Gracia et al. [64] observed photoabsorption shifts in Cr-, V-, Fe-, and Co-doped TiO2 thin films.
However, no enhancement in photocatalytic activity was observed.
Asahi et al. reported the very first work of anion-doped TiO2 [67]. Since then, there was
an explosion of papers in the literature [26]. Anions that are less electronegative than oxygen,
such as, C, S, P, B, and N, were examined experimentally and theoretically [60, 68–86]. By far,
N is the most extensively studied dopant for TiO2 [26]. The band gap modification upon anion
doping can be explained by two mechanisms [60]:
1. Band gap narrowing: N2p states hybridize with O2p states in TiO2 doped with nitrogen, thus
the narrowed band gap [67].
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2. Impurity energy level: TiO2 oxygen sites substituted by nitrogen atoms form isolated energy
levels above the valence band.
N-doped TiO2 can be fabricated in several morphologies such as thin films, powders, nanoparticles, nanorods, nanotubes, etc. These morphologies introduce nanoscale and surface/interface effects, which create confusion in analyzing the effect of nitrogen on the physical
properties. However, highly ordered single-crystal N-TiO2 is better suited for fundamental studies pertaining to the nitrogen site occupancy and the influence of doping on the electronic structure. Highly ordered single-crystal N-TiO2 thin films were made by oxygen plasma–assisted molecular beam epitaxy (OPAMBE) and PLD [2, 26, 87–91]. Chambers and coworkers [2, 89, 90]
observed a reduction in the band gap by 0.6 eV in MBE-grown N-TiO2. D+ nuclear reaction
analysis and ion channeling experiments showed the N residing at a substitutional site for N concentrations below 2% and nonsubstitutional sites for N concentration greater than 2%.
1.2.4 Tungsten oxide (WO3) as a photocatalyst
Tungsten oxide (WO3) has identical characteristics similar to that of TiO2 in terms of visible light photoabsorption and stability against corrosive electrolytes. In fact, WO3 has a remarkable stability in corrosive environments. It has a band gap of 2.6 eV [29], well below that of TiO2
(~3.2 eV). WO3 has been investigated for photoelectrolysis since the mid-1970s [92].
1.2.5 Nitrogen doping of WO3
The immense knowledge of N-doped TiO2 band engineering and the limitations thereupon posed by the large band gap of TiO2 has encouraged the scientific community around the
world to explore other materials with a lower band gap for photocatalysis research. One such material is WO3, which has a lower band gap than that of TiO2 and has a proven record as a multi16

functional material. In this section, a detailed discussion was made to summarize the existing
knowledge of the band gap engineering of N-doped WO3.

Nitrogen doping of WO3: A computational perspective
Huda et al. did seminal work on the topical area of nitrogen doping of WO3 and provided
a theoretical framework for the concept of nitrogen doping [24]. They constructed a monoclinic
WO3 structure (32 atoms) and unit cell (Fig. 1.10) with the lattice parameters a = 7.381Ao, b =
7.472Ao, c = 7.633Ao and calculated the total energy, DOS, and the band structure of the WO3
with and without dopants (Fig. 1.11). The dopants they considered are substitutional and interstitial nitrogen, metallic atoms (such as Al, Mo, Ta, Hf), and co-doping with Re-N, Ta-F, N-H atoms.

Figure 1.10: RT monoclinic structure of WO3 unit cells; W and O atoms are represented by blue
and red balls, respectively [24]
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Figure 1.11: (a) Band structure plot shown along high symmetry points, (b) DOS plot [24]

The valence band mainly consists of O p bands, and the conduction band is mostly filled
with Wd levels. The calculated band gap from the above unit cell is found to be pseudodirect at Γ
points and is 1.31 eV (Fig. 1.11). Though this band gap value deviates from the experimental
band gap of 2.6–3.2 eV [36–43], the authors acknowledge that the underestimation is due to the
density functional used in the calculation. However, the context of the author’s research is to find
relative energy levels of impure states with respect to the conduction band minima (CBM) or valence band maxima (VBM). Hence, the authors assumed the effect of underestimation is insignificant. Upon introducing a substitutional nitrogen atom into the 24-atom (4% atomic nitrogen)
lattice, a partially filled N 2p band was formed above the VBM, which is indicative of an effective rise in VBM by 0.51 eV. There was a slight change in the position of CBM in an upward
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direction (0.09 eV), thus effectively lowering the band gap by 0.42 eV. This trait of CBM, its
upward shift, is very much desired, as the CBM of pure WO3 is below that of the reduction potential of hydrogen, and substituting nitrogen doping can improve the situation (see Fig. 1.9). In
the case of the substitution of two nitrogen atoms into the 24-atom lattice (4% atomic nitrogen),
the VBM moved up by 0.45 eV without significant change in the CBM position. With the interstitial nitrogen atom inclusion, the fundamental gap decreased by 0.78 eV, and there was no
change in CBM. Inclusion of an N-N dimer caused the CBM to shift upward by 0.35 eV, and the
total gap increased to 1.53 eV (1.3 eV for the no-dopant case). Metal dopants such as Al, Mo, Ta,
and Hf have reduced the band gap by a few tenths of 1 eV. However, they did not have a significant impact on conduction band
Wang et al. reported comprehensive and systematic work on calculating the electronic
structure of all polymorphs of WO3 [50]. They employed multiple improvised energy density
functionals to calculate and compare the electronic structure of several polymorphs—room temperature (RT), monoclinic, cubic, low temperature (LT), monoclinic, triclinic, and orthorhombic—of WO3. These authors employed a variety of density functionals in their study and compared their results with literature. They found that the B3LYP (Beck, three-parameter, LeeYang-Parr) hybrid functional yielded band gap values close to the experimental reported values.
Figure 1.12 shows the calculated band structure and density of states (DOS) plots for the polymorphs of WO3 listed above. The reported band gap values calculated with the B3LYP hybrid
functional are as follows: RT monoclinic, 3.13 eV; cubic, 1.89 eV; tetragonal, 1.85 eV; LT monoclinic, 3.33 eV; triclinic, 3.17 eV; orthorhombic, 2.89 eV. It is worth noting that the B3LYP
hybrid functional is still insufficient to describe the electronic structure of high-symmetry polymorphs of WO3.
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Figure 1.12: Band structure and density of states (DOS) calculated by the B3YLP hybrid functional for various structures of WO3; (a) RT monoclinic, (b) simple cubic, (c) tetragonal, (d) LT monoclinic, (e) triclinic, and (f) orthorhombic [50]

After the success of describing WO3’s electronic structure with the B3LYP hybrid functional, Wang et al. extended computational efforts to describe the effect of dopants on the electronic structure of RT monoclinic WO3 [93]. Wang et al. studied the effect of cationic doping
(Cr, Mo, Ti, Zr, Hf) and anionic doping (S). Authors chose the dopants to represent three types
of doping: isovalent cations substituting W atoms (no change in charge balance), isovalent anions substituting O atoms (no change in charge balance), low-valence cations substituting W atoms.
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Both Mo and Cr are isovalent with respect to W. Mo6+ has a slightly larger ionic radius,
and Cr6+ has a smaller ionic radius than that of W6+. Upon Mo doping, the CBM shifted downward by 0.16 eV, and VBM shifted upward by 0.03 eV (Fig. 1.13(a)). In the case of Cr doping,
the Cr 3d band was formed 0.15 eV below the CBM (Fig. 1.13(b)). The substitutional S atom
created the three additional localized states, one of which merged into the host VB, and the other
two are located above the VBM, thus lowering the effective band gap to 2.21 eV. No significant
change in CB was observed (Fig. 1.14).

Figure 1.13: Band structure and DOS of (a) Mo-doped WO3 and (b) Cr-doped WO3 [93]

The introduction of low-valence ions (Ti, Zr, Hf) of larger ionic radii was studied further
to determine the effects of charge imbalance and associated oxygen vacancies. In all three cases,
a lattice strain was observed, and an associated shift of CB upward and other effects were ob21

served. Oxygen vacancy formation (to compensate for the charge imbalance) was further studied
in detail. The formation of an oxygen vacancy induced the upward shift of the VBM, and the
combined effects of the Hf atom and the O vacancy shifted to higher energies. However, the
overall effect was the reduction of the band gap to 2.93 eV.

Figure 1.14: (a) Band structure and (b) DOS of substitutional S-doped WO3 [93]

From this theoretical discussion, it can be inferred that the electronic structure can be
tuned according to the requirements with dopant introduction. However, many cationic dopants
introduce unwanted shifts in CB along with strain on the lattice due to an atomic radius mis22

match with the parent crystal matrix. On the other hand, nitrogen’s ionic radius is identical to
that of oxygen. So it may not induce a severe strain on the lattice and is not prone to structural
deformation. In all of its dopant sites (substitution, interstitial, and interstitial dimers), nitrogen is
capable of reducing the band gap.
It should be noted that the computational studies assume an ideal environment, and the
performance of a given material may deviate from the theoretical predictions. Though the computational methods provide the theoretical basis for performance predictions, they should be validated against well-designed experimental methods. Also, in the previous section, it was discussed that the nitrogen doping of TiO2 proved to be successful. However, while a similar effort
of nitrogen doping can be extended to other best possible candidates, experimental studies on
nitrogen doping of WO3 are limited. This is the motivation for our work over the past few years,
understanding the effects of nitrogen doping.
Survey of experimental work on N doping of WO3
There are very few reports available in the literature on nitrogen doping of WO3. One of
the earliest reports was published by Paluselli [30] and researchers. They doped nitrogen into
WO3 films by a straightforward extension of the reactive magnetron sputtering process, incorporating nitrogen into an argon-oxygen process gas mixture. The films produced have band gap
values ranging from 3.0 eV down to 2.2 eV. Gao et al. reported an increase in photocatalytic activity of nitrogen-doped TiO2 coupled with WO3 [94]. They prepared TiO2, TiO2-N, and TiO2-Nx% WO3 powders (x = 3, 5, 10) and tested the photocatalytic activity by decomposing 4chlorophenol under UV light and visible light radiation. Reported photodegradation of 4chlorophenol was 1.24 mol g-1 h-1 for TiO2, 2.61 mol g-1 h-1 for TiO2-N, and 5.68 mol g-1 h-1 for
TiO2-N-WO3. Increased photoactivity was attributed to the higher availability of surface nitrogen
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sites due to the generation of N-Ti-O and N-W-O linkages in the photocatalyst, which allowed
for more efficient utilization of both UV and visible light.
More comprehensive work on nitrogen-doped sputter-deposited WO3 thin films—
correlating nitrogen-induced crystal structure changes, optical absorption, and photocurrent
measurements—was reported by Cole et al. [33]. They measured crystal structure, film morphology, optical band gaps, and photocurrent density as a function of nitrogen partial pressure in the
reactive gas mixture. They observed degradation in photocurrent density (Fig. 1.16). This was
attributed to the degradation of transport properties that prevented the extraction of photogenerated carriers from the photoanode. The effect of nitrogen concentration on the band gap was minimal for a very low concentration of nitrogen. However, a significant reduction from 2.5 eV for
WO3 to less than 2.0 eV for doped samples was observed (Fig. 1.15).
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Figure 1.15: Tauc plots for nitrogen-doped WO3. The data is plotted according to the model for
an indirect band gap [33].

For higher concentrations of nitrogen doping, a change in the physical chemistry of the
tungsten oxide occurred. The growth of agglomerates having acicular nanocrystals was observed,
with the X-ray pattern indicating a decrease in the distortion for WO3 octahedra. However, this
report has no chemical data to show characteristics of nitrogen inside the crystal matrix, and the
authors assumed nitrogen concentration inside the films is proportional to the partial pressure of
nitrogen in the reactive gas mixture.
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Figure 1.16: Current versus potential scans measured under AM 1.5G simulated solar spectrum
in 0.33 M H3PO4 [33]

Incorporation of nitrogen into WO3 may not have a significant impact on photoelectric
performance. However, narrowing the band gap and changing the electrical conduction may
open up new avenues of applications. Lethy et al. reported the effects of nitrogen doping on optical properties and electrical conductivity of WO3 thin films grown by pulsed laser deposition
(PLD) [27]. They reported lattice distortion due to nitrogen incorporation in the lattice. The band
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gap was shown to be nearly constant at around 3.1 eV, except for the sample with a 4.2% nitrogen concentration in which the band gap decreased sharply to 2.84 eV (see Fig. 1.18).
Electrical conductivity was shown to decrease with nitrogen incorporation in pure WO3
(Fig. 1.17). However, there was no specific trend with respect to nitrogen concentration. Also,
the nitrogen concentration was measured using EDX, which has low sensitivity for elements with
a low atomic mass (Z). This might allow for inaccuracies in the measured nitrogen concentration
in the films.
Sputter-deposited tungsten oxynitrides were also studied for structural, optical, and electrical properties. Mohammed et al. reported a reduction in the band gap and an increase in conductivity with increasing nitrogen concentration [28]. They also reported an increase in the refractive index of the films with the increase in nitrogen concentration [25].

Figure 1.17: Arrhenius plots of the nitrogen-incorporated tungsten oxide films as a function of
the nitrogen ambient pressure [27]
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Figure 1.18: Band gap versus nitrogen concentration [27]
1.3 Scope and research objectives
It was clear from the literature review that nitrogen doping of WO3 is a relatively new area of research, and the available literature is very limited. Theoretical DFT calculations show
that nitrogen doping can change the electronic structure of WO3 in a suitable way to meet the
requirements of photocatalytic water splitting. However, thorough experimental validation is required. Also, the experiments reported in literature to validate computational predictions were
limited. Many research reports are lacking in terms of credible chemical analysis data to describe
the exact chemical state of doped nitrogen. Moreover, an understanding of the effects of synthesis methods on performance and properties of a given material is also required to evaluate the
suitability of N-doped WO3 for photocatalysis.
The present research is specifically designated toward the fundamental understanding of
nanoscale phenomena, phase stabilization, and nitrogen doping effects in WO3. The controlled
growth and manipulation of specific crystal structures at the nanoscale dimensions has important
implications for the design and application of WO3 films. However, the ability to tailor the prop28

erties so as to optimize performance requires a detailed understanding of the relationship between electronic and crystal structures, particularly at the nanoscale dimensions. Furthermore,
stabilizing metastable high-temperature phases in a controlled way requires a detailed understanding of the structural transformation–induced changes in the electronic properties of nanocrystalline WO3 films. Therefore, it is important to characterize and obtain a correlation between
microstructure and electronic properties in nanocrystalline WO3 films as a function of growth
conditions. Therefore, an attempt has been made in this research to derive such a comprehensive
understanding of sputter-deposited nanocrystalline WO3 films.
The focus of this research is twofold. Synthesis and characterization of pure WO3 thin
films is the first. The goal is to obtain a fundamental understanding of the effects of processing
and thermodynamic variables and of the structure and electronic properties of WO3 films. Doping WO3 with nitrogen is the latter. The overall objective is to understand the associated changes
in the structure, chemical composition, and electronic properties. The goal is to obtain a detailed
understanding of the pure and doped WO3-based materials’ physical, chemical, and electronic
behavior as a function of dopant concentration and to derive structure-property relationships in
doped WO3 films. The specific research objectives are as follows:
1. Fabricate high-quality WO3 thin films with a high symmetry phase, possibly quenched
down to room temperature utilizing the “nanoscale stabilization” approach.
2. Understand the effect of sputter-deposition processing variables on the crystal structure,
phase, morphology, surface/interface structure, density, optical band gap, and electrical
conductivity of pure and nitrogen-doped WO3 films.
3. Understand the effects of nitrogen incorporation on the geometric and electronic structure
of WO3.
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4. Establish a road map and optimize conditions to grow high-quality WO3 thin films with
controlled structure and electronic properties.
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CHAPTER 2: EXPERIMENTAL METHODS
2.1 Experimental techniques
An overview of the experimental methods employed for sample fabrication and characterization are presented below.
2.1.1 Thin film deposition
Pure and nitrogen-doped (N-doped) WO3 films were fabricated using reactive radiofrequency (RF) magnetron sputtering. The sputter-deposition process involves the bombardment
of target material with ionized atoms, usually Ar+ ions. The target material (called a sputter target) is placed on a cathode, and a negative voltage is applied to the cathode (see Fig. 2.1). The
chamber is evacuated to a high vacuum, usually 10-6 Torr, and Ar gas is then injected into the
chamber at low pressures. The Ar gas is ionized to create Ar+ plasma. Ar+ ions accelerate toward
the cathode, under the influence of cathode voltage, and bombard the target, ejecting a target atom. The target atom is then deposited onto the substrate placed above the target. In RF magnetron sputtering, a radio frequency voltage of 13.56 MHz was applied to the target, and the sputter
cathode was equipped with a magnet to capture more electrons inside plasma to increase the
sputter yield.
Pure WO3 films
WO3 thin film was grown using a pure W (purity of 99.95%) metal target sputtered in the
plasma of Ar + O2. Ultra high purity gases (Ar and O2 at 99.999%) were introduced into the deposition chamber at a pressure range of 1–10 mTorr. The W atoms sputtered by Ar+ ions then reacted with O species (O-, O2-, O*) and formed WO3 on the substrate. The substrates can be heated
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up to 800oC to control the reaction and film deposition thermodynamics (Fig. 2.2). The details of
and the full set of experimental conditions are listed separately.

Figure 2.1: Schematic of a magnetron cathode [95]

Heater

Substrate

Plasma
Cathode 2

Cathode 1 (W)

Figure 2.2: Magnetron sputtering chamber schematic
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Nitrogen-doped WO3 films
Nitrogen doping was achieved by sputtering a pure tungsten (W) target in an Ar + O2 +
N2 ambient. The dopant (N) concentration is varied by changing the FAr+O / FN (F = flow rate of
process gas in sccm) ratio.
2.1.2 Characterization techniques
The physical and chemical properties of transition metal oxides are interlinked with their
crystal structure, chemical composition, and electronic properties. Detailed characterization of
materials in these three important dimensions is required to understand, evaluate, and optimize
the performance of a given material in functional devices. Furthermore, thin films pose a particular challenge in characterization as they are low-dimensional materials. There is a breadth of
techniques which are available to characterize thin film materials. The characterization techniques employed in the present work are discussed below.
X-ray diffraction
X-ray diffraction (XRD) is the most powerful technique for analyzing the crystal structure of materials. Apart from crystal structure analysis, XRD can be used to measure grain size,
lattice parameter, crystal quality and orientation, and lattice mismatch (for single crystal and epitaxial thin film materials), phase- and stress-induced either due to lattice mismatch or growth
process.
The core concept of XRD is the scattering of X-ray radiation along the atomic planes of
the sample (Fig. 2.3). When an X-ray is incident upon the atom, the space charge (electron
cloud) around the atom oscillates in phase with an electric wave vector of the incident electromagnetic radiation. The oscillating space charge, in turn, generates electromagnetic radiation
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with the same frequency, but out of phase with the incoming radiation. This is an elastic scattering process called Thomson scattering. The electromagnetic radiation scattered from different
atoms in a material forms constructive or destructive interference patterns of radiation called diffraction. If the atoms are placed in periodic lattices, the scattered radiation forms constructive
and destructive interference patterns which are dependent on the angle of incidence and the distance between the atomic planes (Fig. 2.3).

d

d

sinθ

Figure 2.3: X-ray scattering along the atomic planes of material described by Bragg’s law

The constructive interference of radiation is associated with the high intensity of X-rays
emitted from the sample. The constructive interference pattern is normally called a diffraction
pattern and can be described by a mathematical relationship called Bragg’s law, which is
2dhkl sinθ = nλ ,

{2.1}
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where λ is the wavelength of the incident radiation, θ is angle of incidence, and d is distance between atomic planes. The atomic planes are described by Miller indices (hkl).
Grazing incidence X-ray diffraction (GIXRD)
In the case of thin films, the X-rays are penetrated beyond the thickness of the film and
into the substrate. The X-rays probe less volume of film compared with substrate. Hence, majority of the diffraction signal collected is dominated by substrate. If the X-rays are incident at very
low angles (shown in Fig. 2.4), the probing depth inside the film sample is enhanced greatly.
During GIXRD scan, the tube angle is fixed at very low angles, and a detector scans over a range
of 0o–90o. In a GIXRD configuration, X-rays probe only the crystal planes parallel to the substrate, and hence, few reflections of the thin film sample will be absent in the spectrum. Nevertheless, it gives crystallographic information of the thin films with better accuracy and resolution.

Parallel plate
collimator

Detector

2
Goebel mirror
2Θ-α Θ
Sample
X-ray tube

Figure 2.4: Geometry of GIXRD measurement apparatus
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X-ray reflectometry (XRR)
X-ray reflectivity (XRR) is a very powerful nondestructive and noncontact technique to
probe thickness, density, surface, and interface roughness of thin films (thickness range: 2–1000
nm), especially in sub-100 nm regime, with a precision of 0.3 nm. X-ray reflectivity measurements can yield very accurate results if performed properly. Recently, XRR was adopted as the
prime characterization tool for process metrology in advanced semiconductor device production.
The X-ray reflectivity principle (Fig. 2.5) involves probing with the X-ray beam reflected
by a sample at grazing angles. When the X-rays are incident upon a thin film, total external reflection will occur at an incidence angle that is below a certain angle called critical angle αc. Xray reflectivity can be considered as a special case of diffraction at (000) plane. However, for
simplicity, the XRR is described by optical physics.
The complex refractive index of an X-ray is given by
( )

( )

( ),

{2.2}

where ( ) describes dispersion and ( ) describes absorption of the X-rays.
( )

,

{2.3}

where Na is Avogadro’s number, re is the Bohr radius, ρ is density, Z is the atomic number, A is
atomic weight, and λ is the wavelength of X-rays.
The refractive indices and incidence and refraction angles can be defined by Snell’s law,
,

{2.4}

where αi is the incidence angle, αt is the transmission angle, n is the refractive index of the material, and no = 1, the refractive index of air.
Since αi = αc, total external reflection happens. Then αt = 0.
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{2.5}
√

√

{2.6}

√

So the critical angle is directly proportional to square root of density.
In the case of thin films deposited on any substrate, given αi > αc, the reflected waves
from the surface of thin film and film substrate interface form interference fringes called Kiessig
fringes. The angular difference between the two fringes is a multiple of the wavelength of the Xrays. The path difference of two reflected waves is given by
√

,
,

{2.7}

{2.8}

where, d = thickness of the layer.
Using the simple mathematics above, the thickness and the density can be calculated
from the XRR spectra. However, the extraction of surface and interface roughness information
from XRR spectra requires a more rigorous mathematical treatment.

Figure 2.5: Apparatus to measure X-ray reflectometry [96]
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X-ray photoemission spectroscopy (XPS)
Another method of X-ray analysis using the inelastic scattering phenomenon is X-ray
photoemission spectroscopy (XPS), which is also called electron spectroscopy for chemical
analysis (ESCA). In this technique, the sample is irradiated with monoenergetic soft X-rays (E <
10 KeV). The X-rays interact with the atoms on the surface of the material, causing the electron
emission. This phenomenon is called the photoelectric effect or photoemission (Fig. 2.6).
The emitted electrons will have the measured kinetic energies given by
KE = hν – BE – φ,

{2.9}

where h is Planck’s constant, KE is kinetic energy of the electrons, BE is binding energy of the
electrons, and φ is the spectrometer work function.
After a core hole is produced, it is filled by an outer electron; when this electronic transition occurs, energy is conserved by the emission of a photon or by the emission of a secondary
electron through a radiationless transition. If the atom returns to its ground state by the emission
of a characteristic X-ray, the energy Ex of the X-ray photon, thus emitted, is given by
Ex = Ek – EL2, 3 + φ,

{2.10}

This process is called energy dispersive X-ray emission (Fig. 2.7). If the electron is emitted instead of photon, it is called the Auger process. The outer electron fills the core hole as another is ejected from the atom with a discrete amount of energy equal to the difference between
the initial and final states. The Auger electron energy is given by
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Ex = Ek – EL1 – EL2, 3 + φ.

(

{2.11}
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Figure 2.6: Electron transitions in the X-ray photoemission process
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Figure 2.7: Electron transitions in energy-dispersive X-ray analysis

Each element in the periodic table has characteristic energies associated with photoemission, the Auger process, and energy-dispersive X-ray emission transitions. Using this data, elemental composition, oxidation state (in the case of oxides), stoichiometry, etc., of a given material can be identified. This data can be accessed through the NIST XPS database or some other
published literature.

Quantitative analysis
The intensity of an XPS signal for an element, observed at detector, for a given sample is
given by
I = I0NAσθλT,

{2.12}

where I0 is the intensity of X-rays incident on the sample, N is atomic density, σ is the photoionization cross section, λ is the mean free path of photoexcited electrons, A is the area of the sample
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from which photoelectrons are detected, θ is the asymmetry factor, and T is the detection efficiency of the analyzer.
For the given photoemission process in the element, the atomic sensitivity factor can be
defined as
S = I0AσθλT.

{2.13}

The atomic sensitivity factor is an empirically determined factor. The intensity of the
XPS process is extremely difficult to determine using the above equation as it really hard to determine all the experimental factors that affect the XPS process.
Atomic densities of two elements can be compared by
⁄
⁄

.

{2.14}

A more general expression for the atomic fraction of a given element in data of the analyzed sample is
⁄
∑

∑

⁄

.

{2.15}

Instrumentation
The critical components in an XPS instrument are the X-ray source, analyzer, detector,
charge neutralizer, and magnetic lens system. XPS is a very surface-sensitive technique, and an
ultrahigh vacuum of 10-11 Torr is required to yield acceptable results.
X-ray source: An X-ray source consists of hot filament and a target anode (typically Cu, Al, Mg,
Ag). The high-energy electrons emitted by the filament hit the anode to generate X-rays.
Analyzer: The photoelectrons generated from the sample have a wide spread of energy that can
flood the detector (Fig. 2.8). The analyzer is an electrostatic dispersive unit that resolves the elec41

tron energy of incoming photoelectrons. The analyzer (hemispherical analyzer) has two concentric hemispheres, where the outer hemisphere is biased at negative potential, and the inner hemisphere is held at ground potential. Thus, for a given potential difference between the two hemispheres, only electrons with a narrow energy spread will enter the trajectory that will lead to the
detector on other side of the hemispheres. The energy range of photoelectrons can be swept by
varying the potential across the analyzer.
The detector: the electrons are detected by an electron multiplier, which is connected to a computer.

Figure 2.8: Kratos Axis Ultra XPS instrument with hemispherical analyzer [97]
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Spectrophotometry (optical properties)
The spectral characteristics of pure and N-doped WO3 samples were examined by spectrophotometry employing a Cary 5000 UV-Vis-NIR optical spectrophotometer (Fig. 2.9) set at a
wavelength range of 200–2000 nm. For optical characterization, samples grown on quartz substrates were employed. The transmittance obtained from the samples was used to calculate the
band gap of the sample. First, the absorption coefficient (α) was determined using the thickness
(t) of the film and the transmittance data (T) using the formula
( )

α=

.

{2.16}

The energy of the photon (hν) is calculated at every wavelength (λ) using the equation
hν =

.

{2.17}

Finally, the band gap of the films is measured using the equation

αhν = B(hν – Eg)2,

{2.18}

where B is a proportionality constant and Eg is the band energy; the band gap of the films are
calculated by plotting (αhν)2 versus hν. Regression analysis was used to find the linear absorption, where the optical absorption coefficient is sufficiently high (> 104 cm-1) to extrapolate the
linear region to energy axis to find the band gap of the sample under investigation.
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Figure 2.9: Cary 5000 UV-Vis-NIR spectrophotometer
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2.2 Fabrication and characterization of WO3 thin films
In this research, three sets of thin films were made to study effect of substrate temperature, oxygen partial pressure, and nitrogen doping on structural, optical, electrical, and electronic
properties of WO3 thin films. The details of fabrication methods and characterization techniques
are elucidated below.
The first set of samples were grown under variable temperature while all other deposition
parameters - such as total gas pressure, cathode power, duration of deposition – are kept constant.
2.2.1 Variation of substrate temperature
Deposition
WO3 thin films were deposited onto silicon (Si) wafers by radio-frequency magnetron
sputtering. The Si (100) substrates were cleaned using the RCA cleaning method. All the substrates were thoroughly cleaned and dried with nitrogen before being introduced into the vacuum
chamber, which was initially evacuated to a base pressure of 10−6 Torr. A tungsten (W) metal
target (Plasmaterials Inc.) with a diameter of 3 inches and 99.95% purity was employed for reactive sputtering. The W target was placed on a 3-inch sputter gun, which was placed at a distance
of 8 cm from the substrate. A sputtering power of 40 W was initially applied to the target while
introducing high-purity argon (Ar) into the chamber to ignite the plasma. Once the plasma was
ignited, the power was increased to 100 W, and oxygen (O2) was released into the chamber for
reactive deposition. The flow of the Ar and O2 and their ratio was controlled using MKS mass
flow meters. Before each deposition, the W target was pre-sputtered for 10 minutes using Ar
alone with the shutter above the gun closed. The deposition was carried out for one hour. The
samples were deposited at different temperatures varying from RT to 500°C. The substrates were
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heated using halogen lamps, and the desired temperature was controlled by Athena X25 controller. The details of the deposition conditions are presented in Table 2.1.
Table 2.1: Deposition parameters of samples grown under variable substrate temperature

Sample

Temperature
(oC)

Pressure
(mTorr)

Ar Flow
(sccm)

O2 Flow
(sccm)

1
2
3
4
5

RT
200
300
400
500

10
10
10
10
10

10
10
10
10
10

90
90
90
90
90

Cathode
Power
(W)
100
100
100
100
100

Duration
(min)
60
60
60
60
60

Characterization
WO3 films were characterized by studying their crystal structure, surface morphology,
and chemical bonding. X-ray diffraction (XRD) measurements on WO3 films were by performed
using a Bruker D8 Discover X-ray diffractometer. All the measurements were made ex situ as a
function of growth temperature. XRD patterns were recorded using Cu Kα radiation (λ =1.540
56 Å) at RT. The optical properties of WO3 films were evaluated using spectrophotometric optical transmission measurements using the Cary 5000 UV-Vis-NIR double-beam spectrophotometer.
DC electrical resistivity measurements were carried out under the vacuum of 10-2 Torr
using the two-probe method in the temperature range of 120–300 K, employing a closed-cycle
refrigerator (CCR). Resistance was measured by employing a Keithley electrometer (Keithley
6517A Electrometer/High Resistance Meter). The temperature was measured using a silicon diode sensor while employing a Lake Shore temperature controller (Model 330). The film was kept
46

on the cold head of the CCR. The point contacts were made by soldering the indium metal at the
corners of the films.
2.2.2 Fabrication and characterization of WO3 thin films grown under variable oxygen flow
rates
The second set of samples are grown under variable oxygen flow rates while keeping all
other deposition parameters such as total gas pressure, cathode power, duration of deposition,
total gas flow rate, etc., constant.
Fabrication
WO3 thin films were deposited onto optical grade quartz and silicon (Si) (100) wafers by
radio-frequency (RF) (13.56 MHz) magnetron sputtering. All the substrates were thoroughly
cleaned using the standard procedure reported elsewhere and dried with nitrogen before introducing them into the vacuum chamber, which was initially evacuated to a base pressure of ~10 -6
Torr. A tungsten (W) metal target (Plasmaterials Inc.) with a diameter of 3 inches and 99.95%
purity was employed for reactive sputtering. The W target was placed on a 3-inch sputter gun
and placed at a distance of 8 cm from the substrate. A sputtering power of 40 W was initially applied to the target while introducing high-purity argon (Ar) into the chamber to ignite the plasma.
Once the plasma was ignited, the power was increased to 100 W, and oxygen (O2) was released
into the chamber for reactive deposition. The flow of the Ar and O2 and their ratio was controlled
using MKS mass flow meters. Before each deposition, the W target was presputtered for 10
minutes using Ar alone with shutter above the gun closed. The samples were deposited by varying the oxygen content in the reactive gas mixture while keeping the deposition temperatures (Ts)
fixed at 400oC. Specifically, the oxygen gas fractionation ratio ( = O2 / Ar + O2) was varied in
order to study the effects of the oxygen gas flow rate on the structure and optical properties of
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WO3 films. The deposition was made for a constant time of 60 minutes. The substrates were
heated using halogen lamps, and the desired temperature was controlled by Athena X25 controller. The details of the deposition conditions are presented in Table 2.2.
Table 2.2: Deposition parameters of samples grown under variable oxygen flow rates

Sample

Temperature
(oC)

Ar Flow
(sccm)

O2 Flow
(sccm)

Γ

Cathode
Power (W)

Duration
(min)

1
2
3
4

400
400
400
400

50
30
25
20

50
70
75
80

0.50
0.66
0.75
0.80

100
100
100
100

60
60
60
60

5

400

13

87

0.87

100

60

6

400

10

90

0.90

100

60

7

400

0

100

1.00

100

60

Characterization
The grown WO3 films were characterized by performing structural and optical measurements. Surface imaging analysis was performed using a high-performance and ultrahighresolution scanning electron microscope (Hitachi S-4800). Secondary electron imaging was performed on WO3 films grown on Si wafers using carbon paste at the ends to avoid charging problems. Grain detection, size analysis, and statistical analysis were performed using the software
provided with the SEM. X-ray reflectivity (XRR) measurements were performed using a Bruker
Discover D8 X-ray diffractometer. All the measurements were made ex situ as a function of partial pressure. The thickness and density calculations were performed by fitting the XRR data using LEPTOS software. The film thickness was obtained by the period of oscillations in the XRR
curve. The film density was determined by the position of total reflection edge. Surface imaging
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was performed also using an atomic force microscope (AFM) (NanoScope IV Dimension 3100
SPM system). The main purpose of AFM measurements was to obtain quantitative information
on the surface roughness for comparison with the results of XRR fitting.
XPS measurements were performed with a Physical Electronics Quantera XPS Scanning
Microprobe. This system uses a focused monochromatic Al Kα X-ray (1486.7 eV) source for
excitation and a spherical section analyzer. The instrument has a 32-element multichannel detection system. A 100-W X-ray beam focused to a diameter of 100 μm was rastered over a 1.4 mm
× 0.1 mm rectangle on the sample. The incident X-ray beam is normal to the sample, and the
photoelectron detector is at 45° off normal. High-energy resolution spectra were collected using
pass energy of 69.0 eV with a step size of 0.125 eV. For the Ag 3d5/2 line, these conditions produced a FWHM of 0.91 eV. The sample experienced variable degrees of charging. Low-energy
electrons at ~1 eV, 20μA, and low-energy Ar+ ions were used to minimize this charging.
X-ray diffraction (XRD) measurements on WO3 films were performed using a Bruker D8
Advance X-ray diffractometer. All the measurements were made ex situ as a function of growth
temperature. XRD patterns were recorded using Cu Kα radiation (Γ = 1.54056A˚) at RT. In addition, high-resolution scans of selected individual diffraction peaks were obtained. The highresolution data of selected peaks were obtained with the step size of 0.001o/s. The coherently diffracting domain size (Dhkl) was calculated from the integral width of the diffraction lines using
the well-known Scherrer equation after background subtraction and correction for instrumental
broadening. The Scherrer equation [98] is

,
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{2.19}

where Dhkl is the size, λ is the wavelength of the filament used in the XRD machine, β is the
width of a peak at half of its intensity, and θ is the angle of the peak. X-ray reflectivity (XRR)
measurements
were performed using the same machine. All the measurements were made ex situ as a function
of partial pressure. The thickness and density calculations were performed by fitting the XRR
data using LEPTOS® software. The film thickness was obtained by the period of oscillations in
the XRR curve. The film density was determined by the position of total reflection edge. The
transmission electron microscopy (TEM) experiments were performed using a FEI Tecnai TF20
(200 kV) equipped with a STEM unit, high-angle annular dark-field (HAADF) detector, and XTwin lenses. A cross section of sample (WO3) films grown on Si for TEM were prepared by using a dual beam system (FIB/SEM) FEI Strata 235, employing 30-kV Ga+ ions with a final beam
current of ∼50 pA. Samples were then plasma-cleaned for seven minutes in a South Bay Technology PC200 system on an Ar/O2 ambient and subsequently introduced into the TEM measurements.
The optical properties of WO3 films were evaluated using optical transmission and reflectance measurements using the Cary 5000 UV-Vis-NIR double-beam spectrophotometer. Films
grown on optical-grade quartz were employed for optical property measurements. The quartz
substrates employed extended the transparency range down to ~190 nm, and determining the absorption edge extended into the ultraviolet (UV) region, which is more than sufficient to determine the band gap shift in deficient or stoichiometric or metal-incorporated WO3 films.
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2.2.3 Fabrication and characterization of nitrogen-doped WO3 thin films
Fabrication
Nitrogen-incorporated WO3 thin films were simultaneously deposited onto silicon (Si)
wafers and sapphire (r-plane-terminated Al2O3) by radio-frequency (RF) (13.56 MHz) magnetron sputtering. The Si (100) substrates were cleaned using the RCA (Radio Corporation of
America) cleaning method. The sapphire substrates were ultrasonically cleaned using ethanol,
methanol, and DI water, followed by a DI water rinse. All the substrates were thoroughly cleaned
and dried with nitrogen before being introduced into the vacuum chamber, which was initially
evacuated to a base pressure of ~10−7 Torr. A tungsten (W) metal target (Plasmaterials Inc.) with
a diameter of 3 inches and 99.95% purity was employed for reactive puttering. The W target was
placed on a 3-inch sputter cathode, which was placed at a distance of 9 cm from the substrate. A
sputtering power of 50 W was initially applied to the target while introducing high-purity argon
(Ar) into the chamber to ignite the plasma. Once the plasma was ignited, the power was increased to 100 W, and oxygen (O2) and nitrogen (N2) were released into the chamber for reactive
deposition. The flows of the Ar and O2 were kept constant (each at 50 sccm), and the flow of nitrogen was varied from 0 to 20 sccm. The deposition pressure was kept constant at 10 mTorr,
irrespective of flow rate combination. The duration of each deposition was 60 minutes with the
exception of pure WO3 film that had a total deposition duration of 30 minutes. All the samples
were deposited at a constant temperature of 450 °C. Before each deposition, the W target was
presputtered for 10 minutes using Ar alone with the shutter above the gun closed. The substrates
were heated by a radiative heating source, and the desired temperature was controlled by a computer programmed PID controller. The deposition conditions are listed in Table 2.3.
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Table 2.3: Deposition parameters of N-doped WO3 thin films

Sample

Temperature
(oC)

Ar Flow
(sccm)

O2 Flow
(sccm)

N2 Flow
(sccm)

Cathode
Power (W)

Duration
(min)

1
2
3
4
5
6

450
450
450
450
450
450

50
50
50
50
50
50

48
45
42
38
35
30

2
5
8
12
15
20

150
150
150
150
150
150

60
60
60
60
60
60

Characterization
The grown WO3:N films were characterized by studying their crystal structure, surface
morphology, and electrical conductivity. X-ray diffraction (XRD) measurements on W-O-N
films were performed using a Phillips X’pert multipurpose X-ray diffractometer. All the measurements were made ex situ as a function of nitrogen content in the reactive gas mixture. XRD
patterns were recorded using Cu Kα radiation (λ = 1.54056) at RT. X-ray reflectivity (XRR)
measurements were performed using the same machine. All the measurements were made ex situ
as a function of the nitrogen flow rate. The parallel beam optics were employed along with highaccuracy sample stage alignment. For samples grown at a N2 flow of 15 sccm, the thickness was
too high, and for this case, high-resolution X-ray optics were employed for reflectivity measurement. The thickness and density calculations were performed by fitting the XRR data using Bede
REFS® software. The film thickness was obtained by the period of oscillations in the XRR
curve. The film density was determined by the position of total reflection edge.
XPS measurements were performed with a Physical Electronics Quantera XPS Scanning
Microprobe. This system uses a focused monochromatic Al Kα X-ray (1486.7 eV) source for
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excitation and a spherical section analyzer. The instrument has a 32-element multichannel detection system. A 100-W X-ray beam focused to a diameter of 100 μm was rastered over a 1.4 mm
× 0.1 mm rectangle on the sample. The incident X-ray beam is normal to the sample, and the
photoelectron detector is at 45° off normal. High-energy resolution spectra were collected using
pass energy of 69.0 eV with a step size of 0.125 eV. For the Ag 3d5/2 line, these conditions produced a FWHM of 0.91 eV. The sample experienced variable degrees of charging. Low-energy
electrons at ~1 eV, 20 μA, and low-energy Ar+ ions were used to minimize this charging. Surface scan and high-resolution core level spectra were recollected.
The RBS experiments were performed at the Environmental Molecular Sciences Laboratory (EMSL) tandem accelerator facility using 2MeV He+ ions at a dose of 20 uC. The samples
were mounted onto the high-vacuum chamber on an electrically isolated substrate holder that is
attached to the three-axis goniometer. The chamber was evacuated to a base pressure of 5 × 10-6
mTorr. The sample was held at 7o off normal relative to the beam direction to avoid channel effects from the substrates. All the measurements were taken at room temperature. The beam current was monitored using a Faraday cup before, during, and after the scattering measurements.
The backscattered ions from the samples were detected using a silicon detector biased at 80 V
located at a 150o scattering angle. The detector arrangement follows IBM geometry [99]. The
resolution of detectors was at 20 KeV per channel. The RBS data were analyzed using the
SIMNRA software package [99].
The optical properties of WO3:N ﬁlms deposited on sapphire substrates were evaluated
with spectrophotometric optical transmission measurements using the PerkinElmer Lambda 900
UV-Vis-NIR double-beam spectrophotometer.
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CHAPTER 3: EFFECT OF GROWTH TEMPERATURE ON
STRUCTURAL, OPTICAL, AND ELECTRICAL PROPERTIES OF WO3
THIN FILMS
3.1 Crystal structure
The X-ray diffraction (XRD) patterns of WO3 films are shown in Figure 3.1 as a function
of growth temperature (Ts). The XRD curve of WO3 films grown at room temperature (RT) did
not show any peaks, indicating their amorphous (a-WO3) nature (Fig. 3.1, lower panel). The
XRD peak corresponding to the monoclinic WO3 (m-WO3) phase appears when Ts = 100 °C.
However, the peak (at 23.1°) is rather broad, indicating the presence of very small particles. It is
evident (Fig. 3.1, lower panel) given the intensity of the peak at 23.1°, which corresponds to diffraction from (00l) planes increasing with increasing Ts. This is an indication of an increase in
the average crystallite size and preferred orientation of the film, along (00l) with increasing Ts.
The latter is dominant for WO3 films grown at Ts ≥ 200 °C. Also, a structural transformation occurs at Ts = 300 °C (Fig. 3.1, upper panel). XRD peaks due to the tetragonal (t-WO3) phase are
clearly seen for WO3 films grown at Ts ≥ 400 °C. The peak positions in XRD were determined
using TOPAS (Bruker) software, and the “crystallite size” was measured using the Scherrer
equation [98]. The average size increases from 9 to 50 nm with increasing TS from 100 to 500
°C. High-temperature t-WO3 formation seems to be the effect of phase stabilization at the nanoscale dimensions. The preferred c-axis orientation could be due to the growth process minimizing the internal strain- energy in the film. Anisotropy exists in crystalline materials, and the
strain energy densities will typically be different for different crystallographic directions [98,
100, 101]. The growth will favor those orientations with low-strain energy density. Therefore,
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increasing Ts favors the preferred orientation (00l) while minimizing the strain energy in the
WO3 film.

Figure 3.1: XRD patterns of WO3 films grown at various temperatures. Structural evolution and
phase transition as a function of TS are noted. WO3 films grown at TS = RT are amorphous and
exhibit a phase transition to monoclinic (m-WO3) at TS = 100oC and to tetragonal at higher temperatures.
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3.2 Optical properties
The optical transmittance (T) spectra of WO3 films are shown in Figure 3.2(a). The dip
noticed in the spectra is due to interference. The spectra reveal two important characteristic features: (1) All the WO3 films show a very high transparency in the spectral region, except where
the incident radiation is absorbed across the band gap (Eg). This observation indicates the highquality and transparent nature of WO3 films with almost zero absorption losses. (2) There is a
decrease in T with increasing Ts. However, the decrease is not significant for Ts < 300 °C,
whereas a clear distinction is seen for Ts > 300 °C.
It is well known that the optical absorption below Eg displays exponential behavior [102].
The absorption, therefore, is exponentially dependent on the energy (hν) of incident photons in
that region. For WO3 in the Eg region (high absorption) or above the fundamental absorption
edge, absorption follows a power law of the form [103–105]:
(

) ,

{3.1}

where, hv is the energy of the incident photon, a is the absorption coefficient, B i s the absorption edge width parameter, and Eg is the band gap. The optical absorption coefficient of the
films, , is evaluated using the relation [102, 105–107]

[ ]

[(

)

],
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{3.2}

where, T is the transmittance, R is the reflectance, and t is the film thickness. The absorption data and the plots obtained for WO3 films are shown in Figure 3.2(a). It is evident that (
sus

)1/2 ver-

results in linear plots in the high-absorption region, α > 104 cm−1, suggesting indirect al-

lowed transitions across Eg of WO3 films. The Eg values, determined by extrapolating the linear
region of the plot to hv = 0, decreases from 3.25 to 2.92 eV with increasing Ts. The possibility of
directly allowed transitions is ruled out since a similar procedure results in Eg = 4 eV, which is
not reasonable for WO3.

(
(

b)

a)

Figure 3.2: (a) Optical transmittance of WO3 films (left), (b) (αhν)1/2 versus hν plots for WO3
films (right)

The functional relationship obtained between Ts and Eg is shown in Figure 3.3. It is clear
that the Ts-Eg data exhibits a linear inverse relationship (Fig. 3.3). The size-phase-property relationship in nanocrystalline WO3 films can be derived based on the observed results and taking
the simultaneous effects of size and structural transformations into account. The results indicate
that the microstructure has a significant effect on the optical properties of nanocrystalline WO3
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films. In WO3, Eg corresponds to electronic transitions from the top of valence band (formed by
the filled O 2p orbitals) to the conduction band (formed by the empty W 5d orbitals) [105,
108]. Eg (WO3 bulk) = 2.62 eV [109]. Eg widening in WO3 films with relatively smaller size is
mainly due to quantum confinement (QC) effects.

Figure 3.3: Ts-Eg relationship in WO3 films. A direct inverse relationship is evident. A line is
provided not only to guide the eye but also to indicate the linear fit.

The shift in Eg that is due to the size effect can theoretically be described based on the
two QC regimes, strong and weak [110, 111]. The former is a case where the electrons and
holes are independently confined when the size of a nanocrystal (Rn) is much smaller than the
size of the Bohr radius (RB) [110–112].
In the latter case of weak QC, the energy is dominated by the coulomb term, and quantum effects arise from quantization of exciton motion. The Eg shift is relatively smaller in the
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latter case [57, 58]. WO3 nanocrystals exhibit a weak QC effect [113]. This accounts for the observed Eg widening and shifting by 0.58 eV. The highest Eg (3.25 eV) at Ts = RT is due to the
formation of the a-WO3 phase. The effect of a-WO3 t o m-WO3 transition is not significant; Eg
> 3 eV for nanocrystalline m-WO3 films can be attributed to the size reduction. Most important,
it is very interesting to note that the Ts-Eg data exhibit a direct inverse linear relationship,
where the combined effect of size increase and structural transformation is evident. Such a
size Eg inverse relationship, which was attributed to QC effects, was also reported in CdS
[111], CdTe-TiO2 [112], ZrO2 [114], and most recently, in WO3 [115]. A drop in Eg by ~0.25
eV for WO3 films grown at Ts = 300 ° C could be due to size being > 30 nm and a phase transition to t-WO3. Surface roughening can be accounted for a decrease in transmittance (Fig. 3.2(a))
at higher Ts. The random distribution of the grains makes the surface rough and results in increased light-scattering losses. Furthermore, an increase in the scattering coefficient would decrease the optical transmittance in the UV and visible region [114]. This feature was clearly
observed in the optical spectra (Fig. 3.2(a)) with increasing Ts, which supports the idea of scattering losses due to surface roughening.
3.3 Electrical conductivity
The room-temperature electrical conductivity variation of WO3 films with Ts is shown in
Figure 3.4. It can be seen that the electrical conductivity increases with increasing Ts. The conductivity is reported to decrease with grain size reduction due to increasing grain boundary volume and the associated impedance to the flow of charge carriers [116, 117]. If the crystallite size
is smaller than the electron mean free path, grain boundary scattering dominates, and hence, the
electrical conductivity decreases. Electrical resistivity is also very sensitive to lattice imperfec-
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tions in solids, such as vacancies and dislocations that are reported to be present in nanocrystalline materials.
In addition to that, lattice strain and distortions can affect the motion of the charge, causing a decrease in conductivity [117–119]. The room-temperature conductivity data and its variation with Ts observed for WO3 can be explained taking these factors into consideration. WO3
films grown at RT are completely amorphous as evidenced by findings in XRD studies. The randomness or disordered structure of the films, therefore, accounts for the observed low conductivity of a-WO3 films. The appearance of diffraction peaks in the XRD curves, an increase in the
average crystallite size along with a preferred orientation of the film along (002) is clearly seen
with increasing Ts. Therefore, an increase in conductivity with increasing TS can be attributed to
the increasing crystalline nature and preferred orientation of the film along (002). In addition, a
decrease in strain energy of the growing WO3 film, as discussed using the XRD results, with increasing Ts also causes the increase in conductivity. The observed jump in the electrical conductivity for WO3 films grown at 673 K seems to be a result of the combined effect of the grain-size
increase and phase transformation from m-WO3 to t-WO3. The observed variation in electrical
conductivity is in correlation with optical properties, where there is an enhancement in the band
gap for a-WO3 films and a continuous decrease in the band gap with increasing temperature or
grain size [119].
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Figure 3.4: Room temperature conductivity values for WO3 films grown at different substrate
temperatures

The temperature-dependent electrical conductivity plots of WO3 films are shown in
Figure 3.5. Conductivity decreases exponentially with decreasing temperature from 300 to
120 K, which indicates the semiconducting nature of all the WO3 films. However, a marked
difference i n the temperature dependence of conductivity can be seen for a-WO3 films (Fig.
3.5(a)) when compared with nc-WO3 films (Fig. 3.5(b)). Similarly, in Figure 3.5(b), it can be
seen that the curves of WO3 films grown at 373 and 473 K are clearly separated from WO3 films
grown at 673 K. This behavior can be attributed to the grain size and phase transformation. The
size variation for the films grown between 373 and 473 K is small but significantly lower when
compared with films grown at 673 K [64]. Also, phase transformation occurs from m-WO3 to tWO3 at 673 K. The most remarkable feature of these temperature-dependent electrical conductivity curves of WO3 films is illustrated by two distinct regions indicative of two different con61

duction mechanisms operative in those temperature regions. The temperature dependence of
conductivity of a-WO3 film (Fig. 3.5(a)) shows an almost-linear behavior at high temperatures (T
> 250 K) and a curvature at low temperatures. It can also be noticed that activation energy continuously decreases with a decrease in temperature of the conductivity. The curvature without a
definite slope and the continuous decrease in activation energy is behavior characteristic of the
polaron-hopping mechanism in amorphous semiconductors. On the other hand, the conductivity
plots show a distinct change in slope at a more or less the same temperature in nc-WO3 films
(Fig. 3.5(b)). Various models were used to analyze the observed electrical properties and the
conduction mechanisms as discussed below.

(
a)

(
b)

Figure 3.5: Temperature dependent DC conductivity of WO3 films
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Conductivity in semiconductors is due to both the hopping of electrons and the charge
transport via excited states, and it can be expressed as [120, 121]
(

⁄

)

(

⁄

)

(

⁄

),

{3.3}

where, E1 is the activation energy for intrinsic conduction and E2, E3, … are the activation energies needed for hopping conduction. A1, A2, A3 … are constants and kB is Boltzmann’s constant.
Ln σ versus 1000/T plots (Fig. 3.6) yield two different slopes for WO3 films. The activation energy values at different temperature ranges (300–180 K and 180–120 K) calculated from the ln σ
versus 1000/T plots are given in Table 1.

Figure 3.6: Relation between ln σT and 1000/T for WO3 thin films
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Table 3.1: Activation energy values, A and B parameter values, and the density of localized states
at the Fermi level values of WO3 thin films

Substrate
Temperature
(oC)

Activation Energy (eV)
A(Ω-1 cm-1K1/2)

B(K1/4)

N(EF) (x 1019
eV-1 cm-3)

180–300
K

120–180
K

RT

.22

.029

73242

23.27

2.72

100

.23

.031

73602

23.89

2.71

200
400

.25
.26

.033
.033

72266
72572

23.83
23.48

2.67
2.65

Activation energy is found to be greater in the 300 –180 K temperature region when
compared with that of the 180–120 K temperature region. Decreasing activation energy with decreasing temperature in transition metal oxides has been explained by the small polaron theory
[121]. The VRH model of small polarons also predicts continuously decreasing activation energy
with decreasing temperature. Small polaron formation occurs for a strong-enough electronphonon interaction as predicted by Landau [122]. The polaron transport occurs via hopping process at sufficiently higher temperatures. The multiphonon hopping process freezes out at lower
temperatures, and conduction through extended states in a polaron band dominates. This should
lead to a decay of conductivity and activation energy as the temperature is reduced well below
half of the Debye temperature [123]. To obtain a clear distinction between the two conduction
mechanisms (two different slopes in Fig. 3.5), the polaron and variable-range hopping (VRH)
models were used to fit the conductivity data of WO3 films. In the temperature regime 180–300
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K, the conductivity data of WO3 films can be interpreted in terms of the phonon-assisted hopping
model given by Mott [121],
(

)

(

)

(

),

{3.4}

where, νph is the optical phonon frequency, c is the fraction of reduced transition metal ions (the
ratio of ion concentration of transition metal ions in the low-valence state to the total concentration of transition metal ions), R is the average spacing between the transition ions, α is the localization length, and E is the activation energy for the hopping conduction. The plots of ln σT Vs
1000/T for WO3 films are shown in Figure 3.6. The values of the activation energy, E (calculated
from the slope of the plot), are given in Table 1.
Polaron radius can be calculated using the formula [122–124]
( )

,

{3.5}

where R is the average distance between the transition metal ions (W ion), which is 0.3 nm in the
present case [125]. The value of

was found to be 0.12 nm.

According to the small polaron theory and the VHR model of small polarons, the activation energy should continuously decrease with decreasing temperature. The procedure suggested
by Greaves as a modification of Mott’s model of VRH could be applied to the second temperature regime (120–180 K), and the following expression is proposed for the electrical conductivity:

(

),

where A and B are constants, and B is expressed as
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{3.6}

[

(

)

]

,

{3.7}

where, N(EF) is the density of localized states at EF, and α-1 is the decay constant of the wave
function of localized states at EF. The variable-range hopping model may be valid in the temperature range 120–180 K, and a good fit for the experimental data to the eq 3.6 is shown in Figure 3.7 (ln(σT1/2) versus T-1/4 plot). The values of parameters A and B were calculated from this
curve and are shown in Table 1. The density of localized states at the Fermi level, N(EF), was
calculated, taking a constant value of α-1 (10-7 cm-1) [125]. The determined value is N(EF) ≈ 1 ×
1019 eV-1 cm-3, which is in good agreement with the reported value for WO3 films [20, 126].
Electrical properties of WO3 thin films prepared by thermal evaporation have been reported by
Hutchins et al. [20]. The Arrhenius law, a polaron model, and a variable-range hopping model
have been used to explain the conduction mechanism for WO3 films at different temperature regimes. Using the variable-range hopping model, the density of localized states at the Fermi level,
N(EF), was reported to be 1.08 × 1019 eV-1 cm-3. The average values of activation energies were
found to be 1.70 eV (T > 525 K), 0.58 eV (525 K ≤ T ≤ 353 K,), and 0.06 eV (T ≤ 353 K).
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The effect of microstructure and size on the electrical properties of WO3 films as determined in this work is quite useful while considering the fundamental aspects and design of a
functional device using such films. For instance, the key dimension defining the enhancement of
a sensor’s performance as a function of reducing particle size or film thickness is the Debye
length (λD) [127, 128]. It is most important to mention that the grain size must be very small, on
the order of λD, where the space-charge regions overlap and all the grains are fully depleted, to
take the advantage of nanoscale effects. It has been reported that the better sensor performance
was obtained for nanocrystalline SnO2 films with very small sizes (≤ λD) or the smallest thicknesses [127–130]. In this context, the WO3 films grown in the range of 373–573 K are promising
for other applications.

Figure 3.7: Relation between (ln(σT1/2) and T-1/4 for WO3 thin films
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CHAPTER 4: EFFECT OF OXYGEN GAS FLOW RATE ON THE
PHYSICAL PROPERTIES AND SURFACE/INTERFACE STRUCTURE OF
NANOCRYSTALLINE WO3 FILMS
4.1 Growth rate and film thickness
The physical examination of the grown films under varying oxygen flow rates indicates
that the WO3 layers are uniform and transparent. The layers exhibit good adhesion with no mechanical defects such as cracks. The variation of the growth rate of WO3 films with oxygen flow
rates is shown in Figure 4.1. A decrease in deposition rate with an increasing oxygen gas flow
rate is evident. A closer examination of the data indicates two characteristic features of the dependence of WO3 growth on the oxygen gas flow rate. For the given set of constant conditions
(i.e., sputter power and deposition temperature), the changes in the deposition rate are not significant for the initial increase in the oxygen gas flow rate. However, the growth rate decreases significantly at a higher oxygen flow rate. This behavior is more dominant in the range of the oxygen gas flow rate Γ > 0.75. The observed behavior can be explained based on the effect of oxygen pressure and the effective number of species ejected from target surface and the effective
number of particles reaching and attaining the substrate. Increasing oxygen pressure reduces the
energy that the particles attain to the substrate and their mobility, making it more difficult for the
sputtering species to bombard the substrate, thus leading to decreasing growth rate of the films
[132–134]. It must be pointed out that during sputtering process, the target species are subjected
to collisions with ambient gas molecules and other ejected atoms. This results in a partial loss of
energy and direction on their way, making it more difficult to attain the substrate [134, 135]. The
reactive sputter gas, therefore, impedes the mobility and trajectory of sputtered species. Further68

more, at a given or constant sputter power, increasing oxygen pressure in the plasma shifts the
thermalization region toward the target [135]. As a result, oxidation of the W target takes place,
leading to a decrease in the deposition rate of WO3 films. Resputtering of the grown film cannot
be ruled out at higher oxygen pressures that could potentially decrease the overall film thickness
and, hence, the growth rate. A faster decrease in the growth rate of WO3 films at higher oxygen
flow rates (Fig. 4.1) can, therefore, be attributed to the combined effects of target oxidation, sputter-ejected species being impeded, a decrease in the mean free path, and a partial resputtering of

Deposition rate (nm/min)

the film.

1.5
1.4
1.3
1.2
1.1
1.0
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0.9

1.0

Oxygen gas flow rate ()
Figure 4.1: The variation of the deposition rate of WO3 films with the oxygen gas flow rate. The
experimental data are shown with solid squares, while the solid line represents a fit
to an exponential decay function. A decrease in deposition rate with increasing Γ is
evident.
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4.2 Film density and surface/interface structure
The XRR patterns of nc-WO3 films are shown in Figure 4.2 as a function of oxygen pressure. Simulation of the XRR experimental data using an appropriate model can provide physiochemical information about the nc-WO3 films. Specifically, the surface and interface roughness,
thickness, and density of the WO3 films can be obtained from XRR spectra [136, 137]. The density can be obtained from the total reflection or critical edge [137]. Film thickness can be derived
from the period of the oscillations in the XRR spectra [136, 137]. It is evident that the experimental and simulation curves are in excellent agreement. The stack model used to simulate the
spectra is shown in Figure 4.3. The model contains, from the top, WO3 film, SiO2 interface, and
Si substrate. The surface and interface roughness were also considered

Figure 4.2: The XRR patterns of nc-WO3 films as a function of oxygen gas flow rates. Experimental and simulation curves are shown.
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in order to accurately fit the experimental XRR spectra of WO3 films. The model constructed is
based on the TEM observations of the samples’ cross section as discussed below. The following
observations can be made from the XRR spectra (Fig. 4.2). A positive shift (higher angle) of the
critical edge with the increasing oxygen flow rate is the first. That oscillations extend toward a
higher angle (> 2o) is the second. The latter observation indicates that the film roughness is not
very high. The positive shift of the critical edge indicates an increase in the film density with the
increasing oxygen flow rate. The results obtained are shown in Figure 4.4. The variation of normalized density of nc-WO3 films with oxygen flow rate along with a model is shown. The data
are normalized using the theoretical density of bulk WO3. It should be noted that the WO3 films
grown at Γ = 0.5 are at only about 70% of the theoretical density of bulk WO3.

Figure 4.3: The stack model used to simulate the XRR spectra. The model contains WO3 film,
SiO2 interface, and Si substrate as indicated.
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Figure 4.4: Normalized density variation of WO3 films with oxygen gas flow rate
The high-resolution TEM micrographs of a representative WO3 film on Si (100) is shown
in Figure 4.5. The existence of an interfacial layer between the grown WO3 film and Si substrate
is evident in the HRTEM image. TEM measurements confirm the thickness of the WO3 films.
The film, interface, and substrate regions are as indicated in Figure 4.5. The very high magnification images obtained from HRTEM in the areas along with the WO3 film region are shown in a
separate image (Fig. 4.5(b)). The regions used for obtaining high-resolution magnification images are shown. It can be seen that the images obtained exhibit the lattice fringes, which corresponds to the crystallized WO3 films. The direct observation of the cross-sectional structure of
WO3 films on Si using TEM data allows for the construction of the stack model used in XRR data analysis and simulation. The lattice fringes are due to diffraction from (0 0 1) and (2 0 0)
planes.
The interplanar distances of 3.88 ˚A and 3.695 ˚A for (0 0 1) and (2 0 0) planes, respectively, are in good agreement with the tetragonal phase of WO3. The structure of WO3 films as
determined from XRD confirms the tetragonal phase formation in WO3 films grown under various oxygen flow rates.
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Figure 4.5: TEM micrograph of WO3 films grown at Γ = 0.9. The film, interface, and substrate
regions are as indicated.
4.3 Crystal structure
The XRD patterns of WO3 films as a function of variable oxygen gas flow rates are
shown in Figure 4.6.
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Figure 4.6: XRD patterns of WO3 films as a function of oxygen gas flow rates

The high-resolution scans of (0 0 1) that peak as a function of the oxygen gas flow rate
are shown in Figure 4.7(a). It can be seen that an increasing oxygen flow rate slightly broadens
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the (0 0 1) peak in addition to the slight shift in the peak position. This observation indicates that
the films grown at higher oxygen gas flow rates may have decreased particle size coupled with
the presence of strain. Perhaps oxygen may be trapped when there is excess oxygen gas flow
during deposition. The grain size (determined from XRD) variation with oxygen flow rate is
shown in Figure 4.7(b). It is evident that the grain size gradually decreases with an increasing
oxygen flow rate. The grain size increases from 21 to 25 nm with increasing Γ to 0.65, at which
point the grain size exhibits a decreasing trend to attain the lowest value of 15 nm at Γ = 1. This
observation indicates that the increase in oxygen gas flow decreases the mobility of the adatoms
on the surface, leading to a decrease in grain size. The correlation between optical structural
characteristics and optical properties of these WO3 films were discussed in detail elsewhere
[131]. It was noted that the spectral transmission and band gap of the WO3 films increases with
the increasing oxygen content in the reactive gas mixture. The band gap increases from 2.75 eV
to 3.25 eV with increasing oxygen concentration. While we attribute the increased band gap to
the excess oxygen, detailed studies on the physical characteristics indicate that the band gap increase is due to excess oxygen coupled with smaller crystallite size and stress on the films.
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Figure 4.7: Grain size dependence of WO3 films on oxygen gas flow rate
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CHAPTER 5: CORRELATION BETWEEN SURFACE CHEMISTRY,
DENSITY, AND BAND GAP IN NANOCRYSTALLINE WO3 FILMS
GROWN UNDER VARIABLE OXYGEN GAS FLOW RATES
5.1 Surface chemistry: XPS
X-ray photoelectron spectroscopy (XPS) data indicate that the WO3 films are stoichiometric within a certain range of oxygen content in the reactive gas mixture, while they become
overstoichiometric at levels of higher oxygen content. The XPS survey spectrum of a representative sample ( = 0.9) is shown in Figure 5.1. The XPS curve of as-grown sample (Fig. 5.1(a),
lower panel) indicates that W and O were the main constituent elements of the samples except
for the C present on the sample surface. The C 1s peak observed at binding energy (BE) of 284.6
eV for as-grown samples originates from surface-adsorbed carbon species. It can be seen that the
XPS curve (Fig. 5.1(b), upper panel) of the same sample sputtered for few minutes with 2 kV
Ar+ ions showing no signal from the C 1s level. This is a clear indication that the carbon presence is a result of adsorbed species on the film surface due to sample handling and can be removed with a light sputtering of the surface with low-energy Ar+ ions.
The detailed core-level spectra of W 4f and O 1s peaks for WO3 films are shown in Figure 5.2. For WO3 films grown with  = 0.6–0.9, the XPS W 4f core-level peak exhibits a wellresolved doublet, corresponding to W 4f5/2 and W 4f7/2 (Fig. 5.2, upper panel) at the binding energy values of 37.9 eV and 35.8 eV, respectively. The W 4f7/2 peak at 35.8 eV in this study is in
good agreement with the literature value of 35.7 eV, characterizing the W6+ state in WO3 [139–
141]. The corresponding O 1s core level peak at BE, ~530.5 eV (Fig. 5.2, lower panel), is the
typical of O atoms bonded to W [142, 143]. Absence of any other contributions, such as surface77

adsorbed oxygen or carbonyl groups, can be noted. Also, the O 1s core level is symmetric for all
the samples reflecting the characteristic feature of O atoms bonded with W atoms only.
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Figure 5.1: XPS survey spectra of WO3 films. The survey spectrum (a) obtained before Ar+ ion
sputtering, and (b) obtained after sputtering are shown. The X-ray photoemission and Auger
peaks and their respective binding energy positions are as indicated. It is evident that the C 1s
peak disappears after Ar+ ion sputtering, indicating the adsorbed carbon on the samples’ surface.
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The chemical composition was determined using integrated peak areas, and sensitive factors indicate that the O/W ratio was maintained well in the films grown at  = 0.5–1.0. However,
it is noted that for the samples under 2 kV Ar+ sputtering (i.e., after the removal of a few
top/surface layers), the oxygen-to-tungsten atomic ratio in WO3 films is always higher than expected for those samples grown at  ≥ 0.6. This observation indicates that there is excess oxygen
trapped during successive layer formation during film growth.
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Figure 5.2: The core level XPS spectra of (a) W 4f and (b) O 1s.
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5.2 Film density and surface/interface structure: XRR, SEM, and AFM
The XRR patterns of WO3 films are shown in Figure 5.3. Simulation of the XRR experimental data using an appropriate model can provide physiochemical information about nanocrystalline WO3 films. Specifically, the surface and interface roughness, thickness, and density of the
WO3 films can be obtained from XRR spectra [144]. The density can be obtained from the total
reflection or critical edge [144]. Film thickness can be derived from the period of the oscillations
in the XRR spectra. In the present case, it is evident that the experimental and simulation curves
are in excellent agreement for WO3 films (Fig. 5.3). The stack model used to simulate the spectra
is shown as an insert in Figure 5.3(a). The model contains, from the top, WO3 film, SiO2 interface, and Si substrate. The surface and interface roughness were also considered in order to accurately fit the experimental XRR spectra of WO3 films. The following observations can be made
from the XRR spectra (Fig. 5.3): A positive shift (higher angle) of the critical edge with an increasing oxygen flow rate is the first. The oscillations extend toward a higher angle (> 2o) is the
second. The latter observation indicates that film roughness is not very high. The positive shift of
the critical edge indicates an increase in the film density with increasing oxygen content in the
reactive gas mixture. The density varies in the range of 4.98–5.98 g/cm3.
The film thickness and interfacial oxide thickness were also determined from XRR analysis. The variation of film thickness as a function of oxygen concentration is shown in Figure 5.4.
It is evident that film thickness decreases with increasing oxygen concentration. However, while
the growth part is not very significant, a slightly increasing trend for interfacial oxide (SiO2) with
increasing oxygen concentration can be seen in the insert. Increasing oxygen pressure reduces
the energy that the particles attain to the substrate and their mobility, making it more difficult for
the sputtering species to bombard the substrate, thus leading to decreasing film thickness. During
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the sputtering process, the target species are subjected to collisions with ambient gas molecules
and other ejected atoms. The reactive sputter gas, therefore, impedes the mobility and trajectory
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Figure 5.3: The XRR experimental simulation curves of nanocrystalline WO3 films. (a) The fitting procedure and the stack model employed are shown for films grown at  = 0.5. (b) The
XRR curves and fitting are shown for a series of WO3 films grown at variable oxygen concentration values.
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Figure 5.4: Variation of WO3 film thickness with oxygen concentration in the sputtering gas
mixture. A continuous decrease in film thickness with increasing oxygen concentration was noted. The insert shows the variation of interfacial SiO2 thickness with  values.
SEM images of nanocrystalline WO3 films are shown in Figure 5.5. The fine microstructure and uniform distribution characteristics of the particles are evident in the micrographs (Fig.
5.5). It is clear from the SEM images that the grain size slightly decreases with increasing oxygen content in the reactive gas mixture. The corresponding roughness and the randomness of the
grains decrease with increasing oxygen content. Variation in the films’ surface roughness due to
oxygen concentration is presented in Figure 5.6. The values were determined from the XRR data,
where surface roughness was varied in order to obtain the best fit in the experimental and simulation curves. The surface roughness values and their variation agree well with the root-meansquare (rms) surface roughness values obtained from AFM (not shown). It can be seen that the
surface roughness decreases slightly with increasing oxygen concentration in the sputtering gas
mixture.
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Figure 5.5: The high-resolution SEM images of WO3 films as a function of oxygen concentration
in the sputtering gas mixture
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Figure 5.6: WO3 film surface roughness determined from XRR
5.3 Band gap: Spectrophotometry
The optical transmittance spectra of WO3 films are shown in Figure 5.7. The spectral
transmission curves reveal the following characteristic features: (1) WO3 films in general show
high transparency in the spectral region except where the incident radiation is absorbed across
the band gap (Eg). This observation indicates the high quality and transparent nature of WO3
films. (2) There is an increase in optical transmittance with increasing oxygen content in the reactive gas mixture. The insert in Figure 5.7 shows the expanded version of the transmittance
spectra in a selected spectral region to show the effect of  values. The behavior indicates that
the effect of oxygen concentration in the sputtering gas influences optical properties. (3) The oxygen content also influences the absorption across the band gap. It is evident that the absorption
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edge shifts to a lower spectral region, indicating that the increasing oxygen increases the energy
of the absorption edge. An arrow with a window is presented as shown in the insert of Figure 5.7
to indicate the absorption edge shift as a function of increasing  values.
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Figure 5.7: Spectral transmittance characteristics of WO3 films as a function of oxygen concentration in the sputtering gas mixture. The insert shows the shift noted in the curves, as pointed to
by the arrow, with increasing oxygen concentration.

Further analysis of the optical spectra was performed in order to better understand the effects of oxygen content on the reactive gas mixture and on its optical properties and to derive a
quantitative structure-property relationship. It is well known that the optical absorption below Eg
follows an exponential behavior [12, 103, 104, 144]. The absorption, therefore, is exponentially
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dependent on the energy (hν) of incident photons in that region. For WO3, as mentioned earlier in
chapter 3, in the Eg region (high absorption) or above the fundamental absorption edge, absorption follows a power law of the form [12, 103, 104, 106] (αhν) = B (hν-Eg)2, where hν is the energy of the incident photon, α is the absorption coefficient, B is the absorption edge width parameter, and Eg is the band gap. The thickness values determined from XRR were employed to
obtain the optical absorption coefficient of nanocrystalline WO3 films. The absorption data and
the plots obtained for WO3 films are shown in Figure 5.8. It is evident that (αhν)1/2 versus hν results in linear plots in the high-absorption region, α > 104 cm-1, suggesting indirectly allowed
transitions across the Eg of WO3 films. Regression analysis and extrapolating the linear region of
the plot to hν = 0 provide the band gap value as indicated with an arrow in Figure 5.9. The Eg
values derived from curves shown in Figure 3.22 increase from 2.78 to 3.25 eV with increasing
 values.

Figure 5.8: (αhν)1/2 versus hν plots for WO3 films grown at various oxygen concentration values.
Extrapolating the linear region of the plot to hν = 0 provides the band gap value as
indicated by the arrow.
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5.4 Correlation of surface chemistry, density, and band gap
The chemistry–density–band gap (optical property) relationship in nanocrystalline WO3
films can be derived based on the observed results and taking the simultaneous effects of oxygen
content in the sputtering gas mixture and, hence, the associated effects into account. A decrease
in film thickness with increasing oxygen concentration in the sputtering gas mixture indicates
that the effective number of species ejected from the target surface and the effective number of
particles reaching and attaining the substrate decreases with increasing  values. Increasing oxygen concentration, therefore, reduces the energy that the particles attain to the substrate and their
mobility, making it more difficult for the sputtering species to bombard the substrate, thus leading to a decreased growth rate and reduction in film thickness [145, 146]. It must be pointed out
that during the sputtering process, the target species are subjected to collisions with ambient gas
molecules and other ejected atoms. This results in a partial loss of energy and direction on their
way, making it more difficult to attain the substrate. The reactive sputter gas, therefore, impedes
the mobility and trajectory of sputtered species. Furthermore, at a given or constant sputter power, increasing oxygen pressure in the plasma shifts the thermalization region toward the target
[134, 145–147]. As a result, oxidation of the W target takes place, leading to a decrease in the
deposition rate and, hence, the thickness of WO3 films. A faster decrease in the growth rate of
WO3 films at a higher oxygen concentration can, therefore, be attributed to the combined effect
of target oxidation, sputter-ejected species being impeded, a decrease in the mean free path, and
a partial resputtering of the film.
The results obtained from XRR and spectrophotometry indicate that the oxygen content in
the reactive gas mixture influences the density and band gap. In order to explain the observed
results and derive the correlation, the variation of the density and band gap of WO3 films with 
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is shown in Figure 5.9. The most important and very first observation is that these two parameters exhibit a similar functional dependence on the  value. Second, the density and band gap
data were found to fit into an exponential growth function. The results can be explained as follows: It should be noted that the measured density of the WO3 films is less compared with that
bulk of the tungsten oxide (7.16 g/cm3) [103, 148]. On the other hand, the density increases with
increasing oxygen concentration in a sputtering gas mixture. The lower values of density may be
due to voids in the grains. Also, the density of vapor-deposited thin films is always lower than
that of their bulk counterparts. The increase in density with increasing  values can be attributed
to the incorporation of excess oxygen trapped during successive layer formation, leading to the
total film thickness. The evidence for this comes from the XPS analyses, where the superstoichiometry for films grown at  > 0.6 was noted.
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Figure 5.9: A comparison of the trend of (a) density variation and (b) band gap variation with
oxygen concentration in a sputtering gas mixture in nanocrystalline WO3 films. A direct correlation between density and band gap in addition to a similar trend was noted. The density and band
gap variation with oxygen concentration in the sputtering gas mixture follows an exponential
growth function as indicted by the lines.
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We believe the excess oxygen trapped is also responsible for the observed behavior of Eg
values for nanocrystalline WO3 films. In WO3, Eg corresponds to electronic transitions from the
top of the valence band (formed by the filled O 2p orbitals) to the conduction band (formed by
the empty W 5d orbitals) [12, 103, 104, 106, 109, 148]. A reduction in the band gap can be expected in the presence of oxygen vacancies or any other structural defects. As such, the lower
density coupled with the observed lower Eg values can be attributed to the presence of voids or
vacancies. The increase in density and band gap with a progressive increase in oxygen concentration can be attributed to the excess oxygen. It has been argued that, in the defects picture, the
extra oxygen atoms can be viewed as an interstitials [148]. In fact, we believe that that indeed is
the case for our WO3 films based on the fact that there is a higher O/W ratio in XPS. This extra
oxygen is responsible for the decrease in grain size and shifts in the Eg values to the higherenergy side. This is the reason why WO3 films grown at higher oxygen concentrations become
more insulating (i.e., higher Eg compared those grown at lower oxygen concentrations).
The presence of excess oxygen in sputter-grown oxides has been reported several times
[149–154]. For instance, reactive sputtering of alumina films resulted in excess oxygen when
sputtering was performed in the reactive oxygen atmosphere using an Al target [154]. Using
Rutherford backscattering spectrometry analysis, Chin et al. have demonstrated the O/Ce ratio >
2 in sputtered CeO2 films [149]. Vink et al. have shown evidence for excess oxygen, which also
helps lithium trapping, in sputtered WO3 films [150]. Higher concentrations of oxygen chemisorbed on the film surface and along the depth of the film leading to an increase in electrical
conductivity has been reported for ZnO [151]. However, in the case of WO3 films, the debate
was on the presence of hydroxyl bonds [152, 153] or the inherent processing effect of sputter
deposition [150] to accommodate the excess oxygen. XPS analysis of our WO3 films did not re90

veal the presence of hydroxyl groups, and the mechanism or the source of hydroxyl bonds for
excess oxygen can, therefore, be ruled out. Our results are in close agreement with those reported
by Vink et al. [150], where it was claimed that the excess oxygen in the films is due to higher
oxygen concentrations and higher sputtering power, which are needed for incorporating the oxygen [149, 150, 154]. Specifically, the excess oxygen originates from negative ion effects, which
is common in the oxygenated metal targets. As reported by Vink et al., negative oxygen ions are
generated at the surface of the oxygenated targets [150]. These ions are accelerated and subsequently neutralized in the plasma. By virtue of their kinetic energy, the oxygen atoms can be incorporated in the growing film, leading to the observed excess oxygen. A significant decrease in
the growth rate and film thickness (Fig. 5.4) at higher oxygen concentrations is direct evidence
for the above-mentioned mechanism and excess oxygen incorporation into the growing WO3
films.
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CHAPTER 6: NITROGEN-INDUCED CHANGES IN THE CRYSTAL
STRUCTURE, SURFACE CHEMISTRY, AND ELECTRONIC
STRUCTURE OF WO3 THIN FILMS
6.1 Film density and surface interface structure
A visual inspection of the films grown with varying nitrogen flow rates indicates that the
films are uniform and transparent. The layers exhibit good adhesion with no mechanical defects
such as cracking, peeling off, etc. The XRR patterns of WO3:N films are shown in Figure 6.1 as
a function of nitrogen flow. Simulation of the XRR experimental data using an appropriate model can provide physiochemical information about the WO3:N films. Specifically, surface and interface roughness, thickness, and density of the WO3:N films can be obtained from XRR spectra
[131, 155]. The density can be obtained from the total reflection or critical edge [131]. Film
thickness can be derived from the period of the oscillations in the XRR spectra [131, 155]. It is
evident that the experimental and simulation curves are in excellent agreement. The stack model
used to simulate the spectra is shown in Figure 6.2. The model contains, from the top, WO3 film,
SiO2 interface, and Si substrate. The surface and interface roughness were also considered in order to accurately fit the experimental XRR spectra of WO3:N films. The model constructed is
based on the TEM observations of the samples’ cross section grown under similar conditions reported elsewhere [131].
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XRR data was fitted with a stack model (see Fig. 6.2) consisting of the top/surface
roughness layer, WO3 film, SiO2 layer, and Si substrate. The average density of the films remained fairly constant at 6.8 g/cm3. The top/surface roughness layer modeled for composition is
the same as the WO3. The growth rate was calculated using thickness values obtained from XRR
measurements, assuming the sputter-deposition rate was constant.

Figure 6.1: XRR patterns of WO3:N films as a function of nitrogen gas flow rates. Experimental
and simulated curves are shown.
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N-doped

Figure 6.2: Stack model of N-doped WO3 employed for fitting XRR data

6.2 Growth rate and film thickness
The variation of the growth rate of WO3:N films with oxygen flow rate are shown in Figure 6.3. The film deposited at 20 sccm is too thick to be measured using XRR with the given instrument configuration. The thickness was estimated from RBS data (~330 nm), which will be
presented in subsequent sections. It is evident from the Figure 6.3 that the deposition rate was
fairly constant (~1.5 to 1.75 nm/min) at low N2 flow rates up to 12 sccm and then increased drastically at high flow rates (2.6 nm/min. at 15 sccm and 5.5 nm/min. at 20 sccm). Based on the
deposition rate, the data points can be classified into two groups. The first group (N2 flow = 0–12
sccm) has limited variation in the deposition rate. For the second group (N2 flow = 15–20 sccm),
the variation is drastic. This pattern can be explained based on the effects of two reactant gas
mixtures on the total composition of the plasma environment. In a plasma environment, both O2
and N2 are composed of neutral dimers, ionized atoms, and nascent species. However, the ionized atoms dominate the electron population in the plasma. Owing to its electron affinity, O2 pre94

fers to from O-2 ions, and N2 prefers to from N2+. For the first group of films, the oxygen dominates the plasma environment, thus suppressing the electron density inside the plasma. In the
case of the second group of films, the combined effects of reduced O ion concentration (O2 flow
= 25–30 sccm) and increased electron density due to N2+ ions increases the total electron density,
thus increasing the deposition rate.

Figure 6.3: The variation of the deposition rate of WO3:N films with nitrogen flow rates
6.3 Rutherford backscattering spectroscopy
The experimental RBS spectrum of WO3:N films deposited under a nitrogen flow rate of
20 sccm along with the simulation curve (line) calculated using a SIMNRA code [99] are shown
in Figure 6.4. The simulated curves were calculated using a SIMNRA code for the fixed set of
experimental parameters: (a) the incident He+ ion energy (2MeV), (b) the integrated charge
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(20uC), (c) the energy resolution of the detector (20keV), (d) the scattering geometry, (e) and
pure WO3 stoichiometry. The backscattered ions observed due to various elements are indicated
as shown in Figure 6.4. W is the heaviest among the elements, either in the film or in the substrate. Therefore, the ion scattering from W atoms occurs at a higher backscattered energy level,
1800 keV, as shown in Figure 6.4. As indicated in the figure, a steep edge and peaks due to ion
backscattering from Si (substrate) and O atoms (film) are observed at 860 keV and 700 keV, respectively. The simulation curve (solid line) was fitted with experimental data, and sample
thickness is calculated (~330 nm) for a sample composition of WO3. Due to low concentration
and atomic sensitivity, the RBS curve did not show the scattering or peak due to nitrogen. However, the N concentration was reliably measured using XPS as discussed later under chemical
composition studies.
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Figure 6.4: RBS spectra of WO3:N films grown under a 20-sccm N2 flow rate. The symbols represent the experimental curve, and the solid line represents the simulation curve.
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6.4 Crystal structure
The XRD patterns of WO3:N ﬁlms are shown in Figure 6.5 and Figure 6.6. Note that
these films were grown at 450 °C. The effects of substrate temperature on pure WO3 ﬁlms has
been reported elsewhere [12, 156]. Briefly, WO3 ﬁlms are completely amorphous for substrate
temperatures from room temperature to 200 °C, at which point a structural transformation from
the amorphous phase to the monoclinic phase occurs [12, 156]. Also, a structural transformation
again occurs with a further increase in temperature, and WO3 films grown at Ts ≥ 400 °C are
strained, tetragonal [12, 156]. From XRD patterns (Fig. 6.5 and Fig. 6.6), it is evident that WO3:N films deposited at low flow rates (< 15 sccm) were stabilized at the tetragonal phase, and
films deposited ate high flow rates were stabilized at the monoclinic phase [45, 157]. WO3:N
films stabilized at the tetragonal phase (Fig. 6.5) have a preferred orientation along the (001) (at
2θ = 22.7o) plane. The dominant peak has a distinct shoulder composed of other reflections,
(110) at 2θ = 24.067o, (101) at 2θ = 26.684o. The normalized intensity plot of the dominant peak
of all samples is shown in Figure 6.7. It is understood from the figure that the peaks at the tetragonal phase have a near-identical shape. The WO3:N films that were stabilized at the monoclinic
phase (Fig. 6.7) have a preferred orientation along the (001) (at 2θ = 23.1o) plane. The dominant
peak has a distinct shoulder composed of other reflections, (110) at 2θ = 24.367o, (101) at 2θ =
26.614o. The inset picture in Figure 6.7 shows the clear distinction between the tetragonal and
monoclinic phases.
Thermodynamically, the tetragonal phase of WO3 is a high-temperature phase that is
formed at 700 – 900 oC [21, 158]. However, it was shown that oxygen-deficient oxide structures
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or oxide structure with a crystallite-size nanoregime can be stabilized at the metastable high temperature phase [158, 159]. The presence of defects in the structure can cause some static disorders. It is shown that high-symmetry structures at low temperatures can be realized by inducing
static disorder [33]. This argument can be extended to WO3, which has a structure prone to defects. The static disorder in WO3 results from the defects that are localized to a particular site
[139, 140]. These pinned defects are shown to mitigate the distortion in the unit cell, resulting in
a high-symmetry structure such as one at the tetragonal phase [140]. With the introduction of nitrogen into the lattice, the distortion and the intensity of the (001) peak increases. Also, for an N2
flow of 15 sccm, the intensity of the peak (001) is at maximum, and also, the peak is shifted by
0.4o, indicating a move toward a monoclinic structure. At an N2 flow of 20 sccm, the distortion is
at maximum, and the structure collapses into the monoclinic phase from the metastable tetragonal phase.

Figure 6.5: Tetragonal phase of WO3:N thin films
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Figure 6.6: Monoclinic phase of WO3:N thin films

Figure 6.7: Normalized intensity plot of dominant peak. The picture in the insert shows a clear
phase transformation (tetragonal to monoclinic).
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6.5 Chemical composition and valence state
X-ray photoelectron spectroscopy (XPS) data of WO3:N films indicate that the nitrogen
concentration increases with an increasing nitrogen flow rate. XPS survey spectra (not shown)
indicate that W, O, and N were the main constituent elements of the samples, except for the C
present on the samples’ surface. The C 1s peak at 284.6 eV (Fig. 6.8(a)), which originates from
surface-adsorbed carbon species, is used for calibration purposes. The core-level spectra were
collected in an “as deposited” state and after a 4-nm surface sputtering. Surface sputtering was
carried out to minimize the effects of surface-adsorbed contaminants. The detailed core-level
spectra of C 1s, N 1s, W 4f, and O 1s peaks for WO3:N films are shown in Figure 6.8, Figure 6.9,
Figure 6.10, and Figure 6.11, respectively. The XPS C 1s spectra of all the films in an “as received” state are shown in Figure 6.8(a) and Figure 6.8(b) and depict the C 1s core-level spectra
after 4 nm of surface sputtering. It is understood that the surface sputtering minimized the surface contamination. The XPS W 4f core level for WO3:N films before and after surface sputtering are shown in Figure 6.10. The XPS W 4f core-level peak (Fig. 6.10(a)) exhibits a wellresolved doublet corresponding to W 4f5/2 and W 4f7/2 at the binding energy (BE) values of
37.9 eV and 35.8 eV, respectively. The W 4f7/2 peak at 35.8 eV in this study is in good agreement with the literature value of 35.7 eV, characterizing the W6+ state in WO3 [140–142]. It is
interesting to note the peaks were deformed and shifted to lower binding energy (Fig. 6.10(b)),
which indicates that the Ar+ ion sputtering is reducing the W6+ oxidation state. The deformed
peaks are the convolution of W 4f peaks, corresponding to multiple lower oxidations states of W.
However, further study involving deconvolution of W 4f peaks is required to completely understand the oxidation states. The O 1s core-level peaks of WO3:N films before and after surface
sputtering are shown in Figure 6.11(a) and Figure 6.11(b), respectively. The peak at
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BE, ~530.5 eV, is the typical of O atoms bonded to W [143]. The absence of any other contributions, such as surface-adsorbed oxygen or carbonyl groups, was noted. It is also interesting to
note that, in spite of the reduced oxidation state of W, the O peaks remained largely unaffected
after the Ar+ ion sputtering, confirming the O2- state of the oxygen. This indirectly supports the
evidence of the evolution of W2+ and W4+ states after the sputtering. The N 1s core-level peak
evolution (Fig. 6.9) is the most interesting feature of the grown WO3:N films. The “as deposited”
spectra exhibit two interesting features as a function of nitrogen content. It can be seen that the
first one is at EN1 ~399.8 eV, and the other is at EN2 ~401.8 eV. The first component (EN1), which
appears as a shoulder contribution at the lower BE side compared with the intense one at
401.8 eV, is clearly dependent on the nitrogen content. While the intensity of EN1 and
EN2 increases, in general, with increasing nitrogen flow, the marked evolution along with dominant appearance of EN1, only at higher nitrogen flow, is evident from Figure 6.9(a). The peak at
EN1 399.8 eV corresponds to nitrogen bound to the tungsten oxide lattice, and the peak EN2 at
401.8 corresponds to chemisorbed nitrogen NO- [90, 144, 160]. It is unclear at this point whether
the nitrogen is chemically bound to the WO3 lattice (substitutional site occupancy) or is interacting electrostatically within the lattice (interstitial site occupancy). However, after the surface
sputtering of 4 nm, the film became devoid of chemisorbed nitrogen, and it is shown in Figure
6.9(b) that the EN2 peak is absent in the spectra. It was expected that only the EN1 peak should be
present in “after surface sputter” spectra at a BE of 399.8 eV, though the peak is also present at
397.8 eV. We attribute this peculiar behavior to the reduced state of W ions in the lattice. The
BE of electrons in a given chemical orbital depends on the chemical environment they represent
in the material. From the above discussion, it was concluded the N 1s electrons interacting with a
W6+ ionic sphere has a BE of 399.8 eV. However, after sputtering, the N 1s electrons began in101

teracting with lower oxidation states of W such as W4+ or W2+, which have reduced influence on
N 1s electrons, thus lowering their BE. It was observed from the Figure 6.9(b) that the size of N
1s’s peak increases with nitrogen flow. Figure 6.12 shows the variation of nitrogen concentration
with nitrogen flow rate calculated from N 1s core-level spectra. The increasing trend is clearly
visible.
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a

Figure 6.8: (a) “As is” C 1s core-level spectra of as a function of nitrogen flow, (b) C 1s corelevel spectra after 4-nm sputtering
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Figure 6.9: (a) “As is” N 1s core-level spectra as a function of nitrogen flow, (b) N 1s core-level
spectra after 4-nm sputtering
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Figure 6.10: (a) “As is” W 4f core-level spectra of as a function of nitrogen flow, (b) W 4f corelevel spectra after 4-nm sputtering
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Figure 6.11: (a) “As is” O 1s core-level spectra of as a function of nitrogen flow, (b) O 1s corelevel spectra after 4-nm sputtering
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Figure 6.12: Variation of nitrogen concentration with nitrogen flow in the gas mixture
6.6 Band gap: Spectrophotometry
The optical transmittance spectra of WO3:N films as a function of nitrogen flow rates are
shown in Figure 6.13. WO3 films in general show a high transparency in the spectral region, except where the incident radiation is absorbed across the band gap (Eg). This property is also pronounced in the case of WO3:N films, where the films are highly transparent for a wavelength
range of 350–1000 nm and the absorption edge is located in the range of 250–350 nm. It is clear
that there is a shift in the spectral absorption edge of the films as the nitrogen concentration increases (from the previous section: nitrogen concentration increases with nitrogen flow rates),
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though the shift does not follow any trend. Also, it is worth noting that the thickness affects the
position of the spectral absorption edge. Hence, further analysis of the optical spectra was performed in order to better understand the effects of nitrogen in the reactive gas mixture on the optical properties and to derive a quantitative structure-property relationship.

Figure 6.13: Optical transmission spectra of WO3:N films as a function of nitrogen flow into the
gas mixture
It is well known that the optical absorption below Eg follows an exponential behavior
[15, 17, 19, 52]. The absorption, therefore, is exponentially dependent on the energy (hν) of the
incident photon in that region. For WO3, in the Eg region (high absorption) or above the fundamental absorption edge, the absorption follows a power law of the form [12, 103, 104, 106]
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where, hν is the energy of the incident photon, α is the absorption coefficient, B is the absorption
edge width parameter, and Eg is the band gap. The optical absorption coefficient of the films, α,
is evaluated using the relation [12, 106, 144]
[(

)

],

{3.9}

where, T is the transmittance, R is the reflectance, and t is film thickness. The thickness values
determined from XRR were employed to obtain the optical absorption coefficient of WO3:N
films. The absorption data and the plots obtained for WO3:N films are shown in Figure 6.14. It is
evident that (αhν)1/2 versus hν results in linear plots in the high-absorption region, α > 1 ×
104cm−1, suggesting indirectly allowed transitions across Eg of WO3 films. Regression analysis
and extrapolating the linear region of the plot to hν = 0 provide the band gap value as indicated
with an arrow in Figure 6.14. The Eg values derived from curves shown in Figure. 6.14 are plotted against corresponding nitrogen flow rates in Figure 6.15.
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Figure 6.14: (αhν)1/2 versus hν plots for WO3 films grown at various oxygen concentration values. Extrapolating the linear region of the plot to hν = 0 provides the band gap value as indicated
with an arrow.
It is observed from Figure 6.15 that pure WO3 has a band gap of 3.1 eV, and with the effect of nitrogen, the band gap decreased to 2.5 eV. With further addition of nitrogen, the band
gap further decreased to 2.14 eV. With further infusion of nitrogen, the band gap started to increase again slightly. As discussed in the previous sections, at higher flow rates (at 15 and 20
sccm), the WO3:N films undergo a phase transformation from the tetragonal to the monoclinic
phase. It is interesting to note that the corresponding band gaps of the monoclinic phase (Eg =
3.0–3.1 eV) have a stark difference with those corresponding to the tetragonal phase (Eg = 2.14–
2.5 eV). We attribute this huge difference in the band gap to formation of nitrogen impurity energy levels.
In WO3, Eg corresponds to electronic transitions from the top of the valence band (mostly
populated by filled O 2p orbitals) to the conduction band (mostly populated by empty W 5d orbitals) [12, 50, 93, 103, 104, 109, 148]. In the case of the tetragonal phase, the nitrogen impurity
levels are formed above the valence band maxima, thus effectively reducing the band gap. However, in the case of the monoclinic phase, the band structure changes completely. Wang et al.
showed that the substitutional doping of an isovalent S atom into the monoclinic WO3 lattice introduces three additional S 2p states into the band structure [93]. Only two of the S 2p levels are
formed above the valence band maxima, and one S 2p level is buried inside the valence band
[93]. This proves that the impurity atom energy levels, in the case of monoclinic WO3, may be
formed deep inside the valence band and mix with the host energy states. Extending this facet to
the current study, we speculate that in the case of monoclinic WO3, the trap levels are formed
deep inside the valence band, thus eliminating any significant effect of nitrogen trap levels on the
fundamental band gap.
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Figure 6.15: Variation of band gap with nitrogen flow rate. The nitrogen doping effect is significant in the tetragonal phase with the lowest band gap (2.14eV) attained at a 5-sccm
nitrogen flow rate.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK
Nanocrystalline WO3 thin films were fabricated using sputter deposition, and their structural and optical properties and charge transport mechanisms were investigated as a function of
growth temperature. The size effects were significant on the optical characteristics of WO3 films;
the microstructure dependence is remarkably evident in the optical spectra and Eg analysis. WO3
films grown at RT were amorphous and transform to m-WO3 at Ts = 100oC. The wide band gap
for WO3 films (3.25–3.17 eV, Ts = RT, 200 oC) is due to a size reduction and the formation of
nanoclusters, leading to quantum confinement. Band gap (Eg) is reduced to 2.92 eV with increasing size up to 50 nm, while the WO3 films exhibit a structural transformation to t-WO3. A direct
linear inverse Ts-Eg relationship found for WO3 films suggests that tuning optical properties can
be achieved by controlling the size and phase.
Temperature-dependent DC electrical conductivity of the amorphous and nanocrystalline
WO3 films exhibits exponential behavior, which indicates the semiconducting nature of all the
films. Lower conductivity of WO3 films at TS = RT is attributed to their amorphous nature. The
conductivity value was found to increase with increasing substrate temperature because of the
increasing crystalline nature and preferred orientation of the nanocrystalline WO3 films along
(001). The mechanisms of electrical conduction at different temperature regions in all the films
are explained in terms of a polaron model and a variable-range hopping model. The conductivity
data of WO3 films were successfully analyzed by the small polaron hopping conduction theory at
higher temperatures (180–300 K). It has been found that the conduction mechanism at the temperature range of 120–180 K is due to variable-range hopping mechanism. The density of localized states at the Fermi level, N(EF), has been calculated, and it was found to be ∼1 × 1019 eV-1
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cm-3 for all the films. It has been demonstrated that the tetragonal phase coupled with controlled
morphology allow tuning the optical and electrical properties of WO3 films.
Nanocrystalline WO3 films were also grown by varying the oxygen gas flow rate, keeping
the deposition temperature fixed at 400 oC. The effects of oxygen gas flow rate on the crystal
structure, thickness, surface and interface structure and morphology, density, and grain size of
WO3 films was evaluated. Nanocrystalline WO3 films crystallize in the tetragonal phase with caxis oriented growth. However, strain in the WO3 films increases due to excess oxygen incorporation at higher oxygen gas flow rates. The grain size increases from 21 to 25 nm with increasing
Γ to 0.65, at which point the grain size exhibits a decreasing trend to attain the lowest value of 15
nm at Γ = 1, which indicates that the increase in oxygen gas flow decreases the mobility of the
adatoms on the film surface. XRR data indicate that the thickness of WO3 films decreases with
the increasing Γ values. The density of WO3 films increases from 70% to 78% with the increasing
oxygen gas flow rate. The surface chemical composition, valence state of W ions, surface/interface chemistry, density, and optical properties of nanocrystalline WO3 films were evaluated as a function of oxygen concentration in the sputtering gas mixture. The results indicate
that the effect of oxygen during deposition is significant on the ultramicrostructure in terms of
surface/interface chemistry, which in turn influences the optical properties of WO3 films. Formation of stoichiometric WO3 with tungsten existing in a W6+ state for all WO3 films was evident. However, WO3 films grown at high oxygen concentrations (> 60%) were overstoichiometric with excess oxygen incorporated. XRR data coupled with simulations indicate that the
density of WO3 films is sensitive to the oxygen concentration. The density varies from 4.98 to
5.98 g/cm3 with increasing  values from 0.5 to 1.0. The spectral transmission and band gap of
the WO3 films increase with the increasing oxygen content in the reactive gas mixture. The band
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gap increases from 2.75 eV to 3.25 eV with increasing oxygen concentration. The corresponding
density of WO3 films also exhibits a similar variation as a function of oxygen content, indicating
a direct relationship between the oxygen concentration, density, and band gap. A direct correlation between the film density and band gap in nanocrystalline WO3 films was presented and explained on the basis of excess oxygen incorporation and negative ion effects as encountered in
the sputter-deposition process at higher oxygen pressures.
WO3:N thin films of varying nitrogen content were fabricated by reactive magnetron
sputter deposition by varying nitrogen flow into the process gas mixture (Ar + O2 + N2). Surface
chemical composition, valence state of W ions, surface and interface chemistry, density and optical properties, and the electronic structure of WO3:N films were studied as a function of nitrogen
concentration in a sputter gas mixture. Nitrogen flow in the gas mixture significantly affected the
deposition rate. However, the density of the films was largely unaffected by nitrogen incorporation. XRD patterns indicated that there was an increase in crystal distortion with increasing nitrogen content, culminating into a phase transition from the metastable tetragonal phase to the
monoclinic phase. The nitrogen content was quantified using XPS measurements. The formation
of stoichiometric WO3 with the tungsten existing in a W6+ state was evident. Structure-dependent
band gap variation was observed. The band gap decreased with initially low amounts of N doping while the films existed in the tetragonal phase. However, the band gap was increased after
the phase transformation at higher nitrogen concentrations. The lowest optical band gap of 2.14
eV was observed. This change is attributed to structure-dependent mixing of valence band energy states of the parent lattice with that of the dopant.
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7.1 Future work
The following are directions recommended for future work:


Transmission Electron Microscopy (TEM) studies to probe lattice distortion due to nitrogen doping
While the present work demonstrates that doping nitrogen at an optimum level with a
controlled phase and morphology can alter the electronic structure and produce unique
materials for photocatalysis, understanding the site occupation and lattice distortion can
be best accomplished using high-resolution transmission electron microscopy. Specifically, the HRTEM coupled with elemental mapping with aberration correction can provide
direct information about the ultramicrostructural aspects of nitrogen doping. Furthermore,
while the peak shift or overlapping or shoulder development complicates the analysis,
diffraction analysis and lattice fringe pattern analysis may provide a much better local
structure of nitrogen inside.



Electrical conductivity measurements of N-doped WO3 to assimilate the effects of nitrogen on transport properties
Probing the electrical conductivity of pure WO3 films indicates that the electrical
transport in these materials is sensitive to the microstructure. Such detailed studies coupled with TEM analysis could provide a more detailed account of the electronic properties of N-doped WO3 samples, which showed improved electrical conductivity under preliminary studies. Such investigations might provide additional details for exploring other
technological applications as well.



Growth and characterization of highly ordered N-doped WO3 ion-beam channeling studies to understand lattice site occupancy of N in WO3 lattices
An important aspect of nitrogen incorporation is the site location of N atoms inside the
crystal structure of WO3 and associated electronic structure changes. Therefore, if singlecrystal WO3 samples can be realized by other methods such as molecular beam epitaxy,
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which is seen to be valuable in the case of TiO2, controlled doping of nitrogen coupled
with ion-beam channeling studies can provide the local structure details of N atoms. Simultaneously, electronic properties can be determined to establish a correlation between N
site occupancy with electronic properties.
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